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Abstract 
This work describes the development of a new method for the synthesis of a calixarene grafted 
polymer. The method involves synthesizing a mono-alkylated calixarene that contains an 
amino-tether suitable for grafting onto polymers such as the polystyrene-maleic anhydride 
copolymer (PSMA). The amino-tether was synthesized through a Gabriel synthesis on the 
parent phthalimide-derivatized calix[4]arenes. Having successfully optimized the method, the 
next stage investigated the potential applications for this technology. Two divergent 
applications were investigated: 1) a colorimetric mercury sensor, and 2) supramolecular 
hydrogel formation. 
The first application was based on the known sensing ability of functionalized calixarenes for 
the detection of different guests (cations, anions, neutral species, etc.). The most interesting 
one has been the colorimetric approach. Of interest in this work was the reported distal bis-
allyl bis-arylazo calix[4]arene (also known as Chung’s sensor), which is capable of detecting 
mercury cations with a rapid color change in the solution media (yellow to pink). Therefore, a 
polymer-supported version of the same calix[4]arene was targeted for synthesis to facilitate the 
formation of a sensing instrument for mercury. Despite all efforts (trying eight synthetic 
routes), the required functionalized calixarene could not be obtained. Several suggestions for 
future work have been offered to solve this challenge. 
The second application aimed at in this project was to attach water-soluble calix[4]arenes to 
PSMA in order to make the polymer water soluble and to form a potential hydrogel. The most 
well-studied compound in this category has been the p-sulfonated calix[4]arene, which has 
been shown to form supramolecular complexes with bis-quaternary amines in aqueous 
solution. The possibility to achieve hydrogelation through a p-sulfonated calix[4]arene-grafted 
PSMA was therefore investigated. The primary amine-tethered p-sulfonated calix[4]arene was 
successfully synthesized and grafted onto PSMA. Unfortunately, the resulting grafts were 
unable to form a hydrogel in the presence of multiple quaternary amine-based compounds in 
spite of varying a large number of experiment parameters (i.e. stoichiometry, pH, temperature, 
concentration and so forth). One problem was that the grafts were not as water soluble as 
expected. Thus a second option was to replace PSMA with another polymer with higher water 
solubility upon grafting with the calix[4]arene. The polymer investigated was a 
polyvinylpyrrolidone maleic anhydride copolymer (PVP-MA). The grafting reaction was 
successfully carried out and much higher water solubility for the graft was achieved, but once 
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again a hydrogel could not be formed. It is believed that this failure most likely is due to the 
conformational issue of the calix[4]arene or the low degree of functionalization for the grafts. 
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Opsomming 
Hierdie werk beskryf die ontwikkeling van 'n nuwe metode vir die sintese van 'n kalixarene-
geënte polimeer. Die metode behels die sintetisering van 'n mono-gekalikeerde kalixarene wat 
'n aminoteter bevat wat geskik is vir die inplanting op polimere soos die polistireen-
maleïensanhidried kopolimeer (PSMA). Die aminoteter is gesintetiseer deur 'n Gabrielsintese 
op die ouer ftalimied-afgeleide kalix[4]arene. Met die suksesvolle optimalisering van die 
metode het die volgende stadium die moontlike toepassings vir hierdie tegnologie ondersoek. 
Twee uiteenlopende toepassings is ondersoek: 1) 'n kolorimetriese kwikssensor, en 2) 
supramolekulêre hidrogelvorming. 
Die eerste aansoek was gebaseer op die bekende sensibilisering van funksionaliseerde 
kalixarenee vir die opsporing van verskillende gaste (katione, anione, neutrale spesies, ens.). 
Die interessantste is die kolorimetriese benadering. Belangrik in hierdie werk was die 
gerapporteerde distale bis-allyl bis-arylazo kalix[4]arene (ook bekend as Chung se sensor), wat 
in staat is om kwik katione op te spoor met 'n vinnige kleurverandering in die oplossing media 
(geel na pienk). Daarom is 'n polimeergesteunde weergawe van dieselfde kalix[4]arene gerig 
op sintese om die vorming van 'n senserende instrument vir kwik te fasiliteer. Ten spyte van 
alle pogings (probeer agt sintetiese roetes), kon die vereiste funksionaliseerde kalixarene nie 
verkry word nie. Verskeie voorstelle vir toekomstige werk is aangebied om hierdie uitdaging 
op te los. 
Die tweede aansoek wat in hierdie projek gemik is, was om wateroplosbare kalix[4]arene aan 
PSMA te heg ten einde die polimeer wateroplosbaar te maak en 'n potensiële hidrogel te vorm. 
Die mees goed bestudeerde verbinding in hierdie kategorie is die p-gesulfoneerde 
kalix[4]arene, wat getoon is om supramolekulêre komplekse te vorm met bis-kwaternêre 
amiene in waterige oplossing. Die moontlikheid om hidrolgasie te verkry deur 'n p-
gesulfoneerde kalix[4]arene-geënt PSMA is derhalwe ondersoek. Die primêre amien-
vasgemaakte p-gesulfoneerde kalix[4]arene is suksesvol gesintetiseer en op PSMA ingeënt. 
Ongelukkig kon die resulterende grafte nie in staat wees om 'n hidrogel te vorm in die 
teenwoordigheid van verskeie kwaternêre aminebaseerde verbindings ten spyte van 'n groot 
aantal eksperimentparameters (dws stoïgiometrie, pH, temperatuur, konsentrasie en so meer). 
Een probleem was dat die grafte nie so wateroplosbaar was soos verwag nie. So 'n tweede opsie 
was om PSMA te vervang met 'n ander polimeer met hoër wateroplosbaarheid tydens die enting 
met die kalix[4]arene. Die polimeer wat ondersoek is, was 'n polivinielpirrolidoon-
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maleïensanhidried kopolimeer (PVP-MA). Die entreaksie is suksesvol uitgevoer en 'n veel hoër 
wateroplosbaarheid vir die transplantaat is behaal, maar weer kon 'n hidrogel nie gevorm word 
nie. Daar word geglo dat hierdie mislukking waarskynlik die gevolg is van die konformasionele 
kwessie van die kalix[4]arene of die lae mate van funksionalisasie vir die grafte. Verskeie 
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Abbreviations 
1H-NMR Proton nuclear magnetic resonance 
13C-NMR Carbon nuclear magnetic resonance 
AAS Atomic absorption spectroscopy 
AIBN 2,2′-Azobis(2-methylpropionitrile) 
ATR-FTIR Attenuated total reflectance Fourier 
transform infrared 
BQA Bis-quaternary amine 
CE-ICP-MS Capillary electrophoresis-inductively 
coupled plasma-mass spectrometry 









phosphoramidite   
DSC Differential scanning calorimetry 
ESI Electrospray ionization 




HPLC High-performance liquid chromatography 
HPLC-ICP-MS High-performance liquid chromatography-
inductively coupled plasma-mass 
spectrometry 
HRMS High-resolution mass spectrometry 
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ICP-MS Inductively coupled plasma-mass 
spectrometry 
IDA Isodecyl acrylate 
IPN Inter-penetrating network 
LCST Lower critical solution temperature 
LLDPE Linear low-density polyethylene 
MEK Methyl ethyl ketone 
MM Methyl methacrylate 
Mn Number average molar mass 
Mp Melting point 
Mw Weight average molar mass 
MWCO Molecular weight cut-off 




PMMA Poly(methyl methacrylate) 
POP Poly(oxypropylene) 
PSMA Poly(styrene-co-maleic anhydride) 
PVC Poly(vinyl chloride) 
PVP-MA Poly[(N-vinylpyrrolidone)-co-(maleic 
anhydride)] 
QCM Quartz crystal microbalance 
Rf Retention factor 
RI Refractive index 
ROMP Ring-opening metathesis polymerization 
RT Room temperature  
SAN Styrene-acrylonitrile (monomer)  
SEC Size exclusion chromatography 
SMA Styrene-maleic anhydride (monomer)  
TDI 2,4-Diisocyanato-1-methylbenzene 
TFA Trifluoroacetic acid 
THF Tetrahydrofuran 
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TLC Thin layer chromatography 
TMEDA N,N,N′,N′-Tetramethylethane-1,2- diamine 
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Chapter 1. General introduction (calixarene and PSMA 
basics) 
1.1 Chapter overview 
This chapter will introduce the essential components of this research, namely calix[4]arenes 
and poly(styrene-co-maleic anhydride) (PSMA). Thereafter, the synthetic methods and the 
applications of these compounds will be presented through examples from the literature. 
Finally, in line with the literature reports, possible approaches for grafting a number of desired 
functionalized calix[4]arenes onto PSMA, followed by potential applications for those grafts, 
will be discussed.  
1.2 Calixarene introduction 
Calix[4]arene is a well-known cyclic phenol-formaldehyde tetramer. This bowl-shaped 
compound was discovered by Adolf von Baeyer who managed to synthesize it through heating 
phenol with a formaldehyde solution. Unfortunately, due to the lack of sufficient advancement 
for the characterization of compounds in chemistry at the time, full structural analysis for the 
product was not possible.1 Interestingly in the first decade of the 20th century, Leo Baekeland 
introduced a commercially successful resin named Bakelite using a similar process for phenol-
formaldehyde condensation.2 As a result of this great success, many researchers directed their 
attention to develop new methods for the synthesis of phenol-formaldehyde oligomers with 
interesting physical and chemical properties. Among them was Alois Zinke from the University 
of Graz, Austria, who carried out the base-facilitated synthesis of calix[4]arene employing a 
wide range of para-alkylated phenols with aqueous formaldehyde (during the 1940s to 1950s). 
The great advantage of Zinke’s method was the elimination of the possibility of forming the 
crosslinked products due to the availability of one para and two ortho positions on phenol. 
Consequently, only one product for each reaction was acquired. These products had very high 
melting points and very poor solubility in organic solvents. Despite the lack of many modern 
techniques for structure determination, Zinke was able to suggest a cyclic structure for the p-
alkylated calix[4]arenes (Figure 1.1).3  
Comparing Zinke’s proposed structure with the spectral data currently available for 
calix[4]arene proves that his prediction of the cyclic nature of calix[4]arene was correct.4    
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Figure 1.1 Zinke’s proposed structure for calix[4]arene (R= Alkyl group) 
Nonetheless, it was not Zinke who can be considered as the modernizer of calixarene science, 
but rather David Gutsche from Washington University in St Louis, USA. He was the first 
chemist who suggested that calixarenes could be used as potential enzyme mimics, which 
noticeably changed the focus of their study from commercial purposes to a more academic 
goal. Gutsche also proposed the term calixarene, which is a combination of calix (Greek for 
vase) and arene (aromatic ring) as an explicit term describes their steric structures.4 The 
number of rings on calixarenes typically varies from 4 to 12, and therefore the synthetic 
procedure should be carefully controlled to afford a calixarene with the desired number of 
rings. In total, the reaction temperature, the base choice, the concentration and even the solvent 
play a very important role on the nature of the final product.5 There have been many debates 
with respect to the precise mechanism through which the linear oligomer forms and then 
cyclization occurs, but overall it is almost certain that the first product of condensation is a 
hydroxymethyl phenol. This is capable of forming a Michael acceptor-like species which is 
attacked by another phenolic unit to produce the first linear oligomer, which can later expand 
by reacting with another phenolic unit (Scheme 1.1).5 Sometimes small calixarenes can be 
synthesized as a consequence of large calixarenes fragmenting such as calix[4]arene which is 
believed to be achieved from calix[8]arene decomposition at higher temperatures.5  
Regarding the three-dimensional appearance of calix[4]arene, the terms upper rim and wide 
rim are designated to the exo face (para position of phenol) while for its endo face, the terms 
lower rim and narrow rim are used (phenolic hydroxyls) (Figure 1.2).5 
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Scheme 1.1 Linear oligomer formation from p-t-butyl phenol 
 
 
Figure 1.2 Three-dimensional depiction of p-t-butyl-calix[4]arene 
One of the features of calixarenes is their diverse conformational nature. Cornforth et al. 
discovered four conformational isomers for calix[4]arene which were designated as cone, 
partial cone, 1,2-alternate and 1,3-alternate (Figure 1.3). In the solid state, calix[4]arene can 
only appear in the cone conformation which must be attributed to the strong hydrogen bonding 
between its lower rim hydroxyls which naturally leads to its exceptional thermal stability.6 The 
other conformations are only found after synthetically modified calix[4]arenes are locked into 
these positions. 
The development of NMR spectroscopy opened a new chapter in the evaluation of 
calix[4]arene conformations in solutions.7 The astoundingly rapid inversion of calix[4]arene in 
solutions even at room temperature was initially shown by Kammerer who investigated the 
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behavior of the methylene bridges for p-alkylated calix[4]arene using 1H-NMR spectroscopy.8 
It was perceived that above room temperature methylene bridges only showed one broad singlet 
(very rapid inversion), whereas below this temperature two separate doublets were observable 
(very slow inversion).8 As expected, this inversion changes an axial methylene proton into an 
equatorial one and vice versa (Scheme 1.2).  
 
Figure 1.3 Different conformations for a calix[4]arene 
 
 
Scheme 1.2 An example of a calix[4]arene ring inversion 
Different factors can affect the adoption of a specific conformation by a calixarene. Among 
them certainly, the effect of lower rim substituents matters the most. Reactions such as 
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etherification, esterification, etc. can lock a particular conformer via changing the steric 
hindrance around the lower rim. They also may disrupt the hydrogen bonding on the lower rim 
causing the appearance of new conformers. All in all, the cone conformer is the most common 
and the alternates (1,2 and 1,3) are the least common.5 It is also essential to know that all the 
above-mentioned conformers are not absolute and that there are sub-conformers for each one 
of them. As a good example, the cone conformer can be observed as a true cone (in the solid 
state with C4 symmetry) or as a pinched cone (in solutions with C2 symmetry). It should be 
noted that 1H-NMR spectroscopy is a potent technique to distinguish these two sub-conformers 
from each other (Figure 1.4).5   
 
Figure 1.4 Different cone conformations for a calix[4]arene 
1.3 Calixarene applications 
Since its discovery in the late nineteenth century, calixarenes have been studied thoroughly and 
many useful applications, as compared to many other supramolecular structures, have been 
reported.5 Its ability to be functionalized with ease on both its lower rim and upper rim has 
made it an ideal choice for research-related activities. One of the calixarene’s features is 
complexation of other species (cationic, anionic or neutral) which enables it to be used in 
various applications.a Some examples include, as a chiral ligand together with several transition 
metals for asymmetric reaction catalysis9 or as a stationary phase for chromatography,10 as a 
polymerization initiator,11 for enzyme-mimic studies,12 for self-assembly,13 for drug delivery 
and pharmaceutical purposes,14 in biology15 and biotechnology16 and finally as an efficient 
sensing agent.17 Calixarene binding and encapsulation potency will be investigated in the 
research performed in this dissertation with a focus on calixarene-grafted polymers. To do so, 
 
a Comparatively, calixarene inclusion complexes are stronger than the ones of other supramolecular structures.18,19 
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first a brief literature review on calixarene-grafted materials will be presented and then our 
polymer choice, its applications and its role in this project will be introduced. 
1.4 Materials incorporating calixarenes   
There are multiple routes of synthesizing calixarene-grafted materials and these can be divided 
into two general approaches for the formation of a supported calixarene graft: 1- Attachment 
of the calixarene onto other materials (also known as ‘‘grafting onto approach’’) which can be 
classified into two separate categories: 1a- Attachment of the calixarene onto the surface of 
silica (Figure 1.5A);20 1b- Attachment of the calixarene onto a polymer (Figure 1.5B).21                               
2- Polymerization of the calixarene monomer possessing a polymerizable unit which in general 
leads to calixarene as part of the resulting polymer main chain (also known as ‘‘grafting 
through approach’’ in Figure 1.5C).22 The approach 1b (using a synthesized polymer, which 
is styrene-maleic anhydride copolymer also known as PSMA) has been taken in this research 
and will be explained thoroughly in the dissertation. 
 
Figure 1.5 Different approaches for the formation of calixarene-grafted materials 
1.4.1 Materials incorporating calixarenes – Calixarenes grafted onto silica 
The first silica-bound calixarene ever reported was a triethoxy silane p-n-propylcalix[n]arene 
ethyl acetate (n=4,6) by McKervey and co-workers.23 The first step was the reaction between 
a p-allylcalix[n]arene ethyl acetate and (CH3CH2O)3SiH (a hydrosilation addition) (Scheme 
1.3). Then, this product was grafted onto activated silica gel (heating under reflux in toluene). 
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The resulting grafts were found to be useful as a chromatographic stationary phase for the 
selective encapsulation of Na+ in the presence of other alkali cations (Li+, K+, and Cs+). This 
behavior is due to calixarene’s most important ability, which is to form strong complexes with 
different species as a result of possessing particular functional groups (here the lower-rim 
esters). Using diverse functional groups has resulted in producing calixarene polymers with 
different degrees of selectivity toward various guests. Later in this dissertation, more of these 
examples will be discussed.   
 
Scheme 1.3 Hydrosilation addition on a p-allylcalix[n]arene ethyl acetate based on the work of McKervey and 
co-workers23 
Other than this hydrosilylation example, silica-bound calixarenes are typically prepared using 
a primary amine-tethered version of silica. In this case, the amine functional group of the silica 
source reacts with a highly reactive functional group of a functionalized calixarene (e.g. an acid 
chloride) to form a desired silica-bound calix[4]arene graft. As an example, in 2009 Erdemir 
and Yilmaz employed three silica-bound calixarenes for the immobilization of a particular type 
of lipase (Candida rugosa).20 In this experiment, the fully esterified versions of calix[4]arene, 
calix[6]arene and calix[8]arene were reacted separately with the bis-amine-tethered silica 
(reflux in toluene/methanol, 120 h) forming an amide bond between the calixarene and the 
silica derivative through a nucleophilic acyl substitution mechanism. The resulting silica-
bound calixarene was anchored to the enzyme through its free amine terminus with the help of 
glutaraldehyde as the coupling agent (imine bond formation in ethanol after 12 hours of shaking 
at pH=7). The temperature and pH were regulated for each case, resulting in relatively good 
stability and adaptability for the calixarene-grafted enzyme compared to the free enzyme 
(Scheme 1.4).  
In the same regard, another example worth mentioning is the use of a mono acid chloride 
calix[4]arene for grafting onto a primary amine-tethered silica compound in a paper by Tabakci 
and Yilmaz.24  
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Calixarene-grafted silica has been used in applications for the removal of heavy metals due to 
their strong complexation ability. Tabakci and Yilmaz exploited this by using a silica-bound 
calix[4]arene for the removal of Cu(II) ion from aqueous media. Their mono acid-chloride 
calix[4]arene reacted with a primary amine-tethered silica gel (in toluene at room temperature 
for 5 hours) to yield the desired silica-bound calix[4]arene. This calix[4]arene bore nitrile 
functionalities which could show sorption properties for Cu(II) according to the previous 
reports by the same group.25 This work reported that the best removal of Cu(II) could be 
achieved under mildly acidic conditions (pH=6) at 25 °C (Scheme 1.5). 
 
Scheme 1.4 Silica-bound calixarenes for lipase immobilization based on the work of Erdemir and Yilmaz20 
 
Scheme 1.5 Silica-bound calixarene for Cu(II) removal based on the work of Gezici et al.25 
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1.4.2 Materials incorporating calixarenes – Calixarenes grafted onto polymers 
Calixarene-grafted polymers made using the grafting onto approach have also been a subject 
of interest for researchers. In this category, one of the earliest approaches for attachment of 
calixarenes was by using a very reactive acryloyl-based polymer. As was the case in the 
previous section, from the very beginning the calixarenes attached to the polymers have also 
been studied in terms of their potency to form strong complexes with other species. As an 
example, in 1995 Yilmaz and Deligöz published a paper on a calix[4]arene-tetraacetate 
attached by both an oligomer and more importantly an acryloyl-based polymer (polyacryloyl 
chloride). In both cases, BF3O(C2H5)2 was used as the Lewis acid to facilitate a Friedel-Crafts 
reaction putting an acyl group (in case of the polymer) and an alkyl group (in case of the 
oligomer) on the non-substituted para position of the calix[4]arene.  The resulting grafts also 
showed selective complexation with Na+ (NaSCN was used as the cation source) (Scheme 
1.6).26  
 
Scheme 1.6 Polymeric and oligomeric calix[4]arenes for Na+ encapsulation based on the work of  Yilmaz and 
Deligöz26 
However, the most common polymer for attaching calixarenes has been polystyrene or its 
derivatives. As the first reported example, Yilmaz and Deligöz in 1996 attached a calix[4]arene 
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to a chloromethylated polystyrene polymer.27 The ester-free product (after alkaline hydrolysis) 
exhibited selectivity toward Fe3+ cations in an aqueous solution containing multiple transition 
metal cations. It was also observed that the lower rim-supported calix[4]arene could act as a 
more competent carrier for cation extraction. This lower rim-supported calix[4]arene was 
produced through the reaction between the polymeric support and the calix[4]arene in an 
alkaline environment (using K2CO3 as the base in THF/acetone under reflux for 48 hours) that 
went through an SN2 mechanism (Scheme 1.7). Employing BF3O(C2H5)2 as the Lewis acid (in 
THF at room temperature for 168 hours) on the other hand resulted in the formation of the 
upper rim-supported calix[4]arene which did not show the above-mentioned selectivity toward 
Fe3+. 
 
Scheme 1.7 Calix[4]arene-grafted polymer for Fe3+ extraction based on the work of  Yilmaz and Deligöz27 
In the same regard, Jain et al. published a paper on the use of a calix[4]arene-semicarbazone 
grafted onto a crosslinked chloromethylated polystyrene also known as Merrifield resin (a well-
known resin in polymer science)28 for the separation and preconcentration of four heavy metal 
cations: La(III), Ce(III), Th(IV) and U(VI).29 Like the previous example, an SN2 reaction 
(reflux in THF/DMF for 24 hours) furthered the calix[4]arene grafting onto the polymeric 
support. The mentioned resin demonstrated a proper separation of the cations, in addition to 
providing a high sorption degree for each of them at a specific pH (Scheme 1.8).  
As another example in 2003, Yilmaz et al. published an article focusing on the synthesis of 
several p-t-butylated calix[4]arenes grafted on the lower rim with a bromoethylated polystyrene 
resin (again an SN2 reaction for grafting in DMF with NaH as the base at 60-70 °C for 360 
hours).21 The chelating ability of these grafts was assessed through their response toward a 
series of alkali and transition metals. It was implied that the polymeric ionophores were not 
responding selectively to the cations, nonetheless, they all possessed better binding properties 
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compared to their corresponding calix[4]arene monomer. In addition, these ionophores were 
separately studied with regards to their dichromate encapsulation and surprisingly were found 
to be effective even at the neutral pH (pH=7). Overall, this report was important in terms of 
demonstrating that polymeric calix[4]arenes are capable of encapsulating both anions and 
cations (Scheme 1.9).  
 
Scheme 1.8 Calix[4]arene-grafted polymer for heavy metal ion separation based on the work of  Jain et al.29 
 
Scheme 1.9 Calix[4]arene-grafted polymers for both dichromate extraction and metal ion complexation based 
on the work of Yilmaz and co-workers21 
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After obtaining these promising results for dichromate encapsulation, the same group in 2006 
also reported the synthesis of a couple of novel calix[4]arene-grafted Merrifield resins by 
means of a Mannich reaction.30 These modified calix[4]arenes underwent an SN2 reaction 
(using NaH and NaI in THF/DMF at 70 °C for 48 hours). These upper-rim modified grafts 
were employed for the extraction of dichromate anion under acidic pH (Na2Cr2O7 was the 
dichromate origin). Liquid-liquid extraction and solid-liquid absorption techniques were used 
for both grafts. They demonstrated very good results regarding both extraction and absorption 
of dichromate anion (Scheme 1.10).  
 
 
Scheme 1.10 Calix[4]arene-grafted polymers for dichromate extraction based on the work of Yilmaz and        
co-workers30 
Ultimately, the same researchers in 2006 also developed another approach for the extraction 
and absorption of dichromate anion with Merrifield resin.31 This time they produced three tetra-
functionalized calix[4]arenes with a nucleophilic substitution method on the calix[4]arene 
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upper rim. The upper rim functionalities were respectively, a tertiary amine, an alkyl nitrile, 
and an alkylamine. These calix[4]arenes were grafted onto Merrifield resin (again an SN2 
approach with NaH and NaI in DMF at 60-70 °C for 52 hours). In addition, the selectivity of 
these grafts toward dichromate anion was examined in the presence of other anions. Overall, 
not only did the synthesized polymeric calix[4]arenes respond with highly selectively to 
dichromate anion (compared to other anions present in the environment), it was also shown 
that this form of the calix[4]arene could extract and absorb dichromate anion more efficiently 
than its corresponding monomer. Moreover, it was perceived that the liquid-liquid system was 
more successful in terms of dichromate removal from an aqueous media in comparison to the 
liquid-solid extraction (Scheme 1.11).  
 
  
Scheme 1.11 Calix[4]arene-grafted polymers for dichromate extraction based on the work of Yilmaz and        
co-workers31 
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Poly(ethylene glycol) (PEG) has also been employed as the solid support for calixarenes. To 
give an example, for years the sensing and detection of NO2 gas using the calixarene optical 
sensors used to be a challenge. NO2 is a major air pollutant and an important threat to the 
natural environment through causing acid rains,32 high cancer rate33-35 and other biologically 
harmful effects.36 In 2004, Kang and Rudkevich used a commercial PEG (a PEG monomethyl 
ether) and mesylated this with methanesulfonyl chloride (with Et3N as the base in CH2Cl2 at 0-
5 °C for 2 hours) to prepare the desired support.37 This mesylated PEG support was used for 
the grafting of a 1,3-alternate calix[4]arene on its lower rim through a simple SN2 reaction (with  
t-BuOK in THF at 50 °C for 20 minutes). With the help of this graft, colorimetric sensing of 
NO2/N2O4 gases (in an equilibrium state) was achieved in both solution and solid state (Scheme 
1.12). The group also suggested that the NO2 group reacted with the calix[4]arene and formed 
a stable nitrosonium (NO+)-calix[4]arene complex and speculated that its high association 
constant was due to the charge transfer interactions between the nitrosonium and the 
calix[4]arene π-rich cavity. 
 
Scheme 1.12 Calix[4]arene-grafted poly(ethylene glycol) for conversion and storage of NO2 based on the work 
of Kang and Rudkevich37 
There have also been reports on using dextran (a naturally occurring polymer) as the polymeric 
support for calixarenes. For example, Engrand and Regnouf-de-Vains showed a multi-step 
approach for the synthesis of a bifunctional calix[4]arene which was later anchored onto a 
water-soluble dextran (Na2CO3 was the base choice to form the nucleophilic version of the 
dextran and grafting that onto the calix[4]arene through an SNAr reaction with its cyanuric 
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complex with Cu+ in water and its chromophoric feature was confirmed with spectroscopic 
methods (including UV-Vis titration). However, the grafting was performed in low yield and 
required further optimization (Scheme 1.13). 
 
Scheme 1.13 Bifunctional calix[4]arene-grafted dextran for titration studies on Cu+ based on the work of 
Engrand and Regnouf-de-Vains38  
There have also been reports of more uncommon polymeric supports used for grafting 
calixarenes. As an example, in 2010 Yilmaz and co-workers synthesized an upper rim bis-
substituted calix[4]arene using N-methylglucamine functionalities and then grafted it onto 
poly[(phenyl glycidyl ether)-co-formaldehyde].39 The grafting occurred as a result of a 
nucleophilic attack by the free lower-rim hydroxyls (facilitated by K2CO3 as the base) and 
opening of the epoxide moiety of the support in acetonitrile under reflux for 16 hours. This 
graft showed a high degree of selectivity not only toward dichromate anion, but also arsenate 
anion at very low pHs in the presence of several other anions (Scheme 1.14).  
Another example that was introduced in 2010 was by Granata et al. on the synthesis of 
polymer-supported calix[4]arenes with potential for solid phase studies through condensation 
of thymine nucleotide units on their upper rim.40 In that process, initially the calix[4]arene 
lower rim tether was separately anchored to two different supports (CPGc and TentaGeld) 
 
c Controlled pore glass41,42 
d Grafted copolymer produced by polyethylene glycol and low-crosslinked polystyrene43 
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through a coupling reaction (facilitated by HATU,e DIPEA,f and DMAPg in DMF at room 
temperature for 24 hours) and ultimately the upper rim reaction with DMT groupsh, yielded the 
desired tetrasubstituted nucleotide–calixarene as a result of a solid phase synthesis (Scheme 
1.15). 
 
Scheme 1.14 Calix[4]arene-grafted polymer for dichromate and arsenate removal based on the work of    
Yilmaz and co-workers39 
 
 
e 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-b]pyridinium 3-oxide hexafluorophosphate 
f N-Ethyl-N-(propan-2-yl)propan-2-amine 
g N,N-Dimethylpyridin-4-amine  
h 5'-Dimethoxytrityl-3'-deoxythymidine 2'-[(2-cyanoethyl)-(N,N-diisopropyl)]-phosphoramidite 
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Scheme 1.15 Solid phase studies on calix[4]arene-grafted polymer based on the work of Granata et al.40 
1.4.3 Materials incorporating calixarenes – Calixarenes grafted through polymers  
There have been many reported examples for calixarenes grafted through polymers in the 
literature. The most common way of polymerizing a calix[4]arene is using an acryloyl-based 
calix[4]arene and either homo-polymerize it or add another vinyl-based monomer and 
copolymerize them together.    
As an example, in 1991 Harris and McKervey reported the synthesis of a calix[4]arene 
methacrylate, which was later homo-polymerized with AIBNi (free radical conditions in 
toluene at 65 °C for 17 hours). Considering the fact that the polymerizable calixarenes can also 
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its complexation ability with Na+. The graft formed a strong complex with Na+ upon adding 
sodium thiocyanate (Scheme 1.16).44  
 
Scheme 1.16 Calix[4]arene-grafted polymer for Na+ encapsulation based on the work of Harris and 
McKervey44   
As another example, in 2000 Malinowska et al. showed the successful grafting of tetraethyl 
ester possessing a calix[4]arene (on the wider rim) and one polymerizable group 
(methacrylamide on the narrow rim) with an optimized polymeric matrix.45 The matrix was 
based on an appropriate ratio between IDA (isodecyl acrylate) and MM (methyl methacrylate). 
The polymerization was performed using a redox system (ammonium persulfate as the 
initiator) in water at 70 °C until the full conversion of monomers was achieved. According to 
potentiometric studies, the synthesized copolymer acted as a proper ion-selective membrane 
for Na+ whose results were comparable to the ones obtained from the PVC-made membranes 
with a free calix[4]arene as their ionophores (Scheme 1.17).  
In 2004, Tabakci et al. produced a distal dibenzonitrile p-t-butylated calix[4]arene with an 
acrylamide substituent on its lower rim. The desired graft was acquired via copolymerization 
of the calix[4]arene with styrene under free radical conditions (AIBN at 65 °C). The product 
exhibited no selectively toward any metal cation, but it possessed some encapsulation 
capability for the dichromate anion. It was also shown that this graft was a more potent 
extractant than its calix[4]arene parent for the dichromate anion (Scheme 1.18).46  
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Scheme 1.17 Calix[4]arene-grafted polymer as an ion-selective membrane for Na+ based on the work of 
Malinowska et al.45  
 
 
Scheme 1.18 Dibenzonitrile p-t-butylated calix[4]arene-grafted polymer for dichromate extraction based on the 
work of Tabakci et al.46  
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Synthesizing polymerizable calixarenes which can later be polymerized employing ROMP 
(ring opening metathesis polymerization) has also been a subject of interest. For example,  
Abd-El-Aziz et al. reported the successful synthesis of a diazotized calix[4]arene with a 
polymerizable group on its upper rim (norbornene).47 It was known that the diazotized 
calixarenes have potent chromogenic centers that have shown potential in colorimetric 
studies.48 Therefore, the polymerization of this functionalized calix[4]arene with the purpose 
of producing a graft which could provide these features on solid support was performed with 
Grubbs’ second generation catalyst using ROMP approach (in DCM at room temperature for 
45 minutes). The acquired azacalix[4]arene-grafted polymer showed a significant 
bathochromic shift under acidic conditions in THF; however, its thermal stability was 
substantially lower than that of the same polymer without an azo functionality (Scheme 1.19). 
Later in chapter 4 of this dissertation, a series of azacalix[4]arenes will be investigated 
thoroughly with regard to their potential colorimetric features.  
 
Scheme 1.19 Azacalix[4]arene-grafted polymer for colorimetric studies based on the work of                         
Abd-El-Aziz et al.47 
Polyether and polyester versions of calixarenes can also be made through condensation 
copolymerization of a functionalized calixarene together with another monomer. For example, 
Stellenbosch University https://scholar.sun.ac.za
21 | P a g e  
 
in 1997 Dondoni et al. synthesized a number of copolyethers and copolyesters grafts of 
calix[4]arene capable of extracting Ag+.49 This was achieved via copolymerization of several 
1,3-dimethyl calix[4]arenes with bisphenol A.j In both cases, tetrabutylammonium hydrogen 
sulfate was used as the phase transfer catalyst. The picrate test was employed for studying the 
binding properties of these grafts toward the cation (following Pedersen’s procedure).50 No 
absorption could be achieved without the calix[4]arene presence (Scheme 1.20).  
Polyurethane-based calixarenes are the last category of compounds worth mentioning in this 
section. Dondoni et al. reported the successful synthesis of a series of polyurethane-based 
calix[4]arenes (with both cone and 1,3-alternate conformations) through polycondensation 
reaction of several functionalized calix[4]arenes and 2,4-diisocyanato-1-methylbenzene (TDI) 
in the presence of (C11H23CO2)2SnBu2 (the catalyst) in toluene (80 °C, 8 h). These polymerized 
calix[4]arenes were used for selective recognition and extraction of Ag+ in addition to Rb+ and 
Cs+ ions (Scheme 1.21).51 
Overall, due to the convenience of applying the ‘‘grafting onto approach’’ to our calix[4]arene 
scaffold (compared to the ‘‘grafting through approach’’ which could possibly undergo 
polymerization challenges), it was chosen as the first grafting choice of this project. In the next 
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Scheme 1.20 Calix[4]arene-grafted polymer for Ag+ complexation (A: Polyether, B: Polyester) based on the 
work of Dondoni et al.49 
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Scheme 1.21 Calix[4]arene-grafted polymers for selective recognition of Ag+, Rb+ and Cs+ based on the work of  
Dondoni et al.51 
1.5 PSMA introduction   
Poly(styrene-co-maleic anhydride) (PSMA) is a well-known thermoplastic polymer that has 
been commercially available since the 1930s. It can be made as either a copolymer or as an 
alternating copolymer. Plenty of synthetic procedures have been presented for its synthesis 
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such as Ang and Harwood’s method through which monomers (styrene and maleic anhydride) 
should be heated in dioxane with benzoyl peroxide (the radical initiator) to yield the desired 
polymer.52 Depending on the approach, different PSMAs can be synthesized with different 
degrees of maleic anhydride which affects the chemical and physical properties of the polymer 
(Figure 1.6).53  
 
Figure 1.6 Different types of PSMA 
Almost every kind of applicable change on PSMA which may result in different uses stems 
from the modification of its succinic anhydride moiety. This very reactive moiety can be easily 
modified with a wide range of nucleophilic reagents such as amines and alcohols.54,55 This 
issue will be discussed in detail in chapter 3 of this dissertation. 
SMA polymers (solely or as a blend with other polymers) possess features such as a high glass 
transition temperature, high heat resistance, dimensional stability, and rigidity.56  
1.6 PSMA applications  
As previously mentioned, due to their promising physical and chemical properties, PSMA 
derivatives have been used for many applications. PSMA’s most important capability is 
grafting other chemical or biochemical species through reaction onto its succinic anhydride 
group. For chemical species attachment, the imidization of PSMA by aniline during an 
extrusion process,54 or ethanolization of PSMA and its prospects for coating purposes,57 or 
even a temperature and pH-dependent PSMA graft with POP (poly(oxypropylene)) pendant 
groups possessing lower critical solution temperature (LCST) in aqueous solutions in a 
particular temperature range,58 are worth mentioning. Regarding biochemical species 
attachment, protein detection by grafted PSMA nanoparticles59 or immobilization of enzymes60 
have also been reported (Scheme 1.22).  
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Scheme 1.22 Examples of PSMA applications 
Thanks to their good miscibility, PSMA blends with other polymers have been found useful 
with respect to several applications. For example, an environmentally degradable blend was 
produced employing an esterified PSMA and LLDPE (linear low-density polyethylene) 
(Figure 1.7A),55 or the use of a blend made up of SMA and SAN (styrene-acrylonitrile) 
copolymers for studying positron annihilation lifetime,61 or even designing a high protein-
absorption resistant membrane using a PSMA blend with PES (poly(ethersulfone)).62 In 
addition, there have been papers published on other applications of PSMA, such as the 
development of microcapsules of PSMA for the encapsulation purposes,62 regioselective 
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catalysis effect of imidized PSMA (Figure 1.7B)63 and even as a template for growing silver 
nanoparticles.64  
 
Figure 1.7 Examples of PSMA blends used in research 
It must be noted that PSMA, like many other polymers, can be processed into nanofibers using 
a technique called electrospinning. In this technique a high voltage is applied to the polymer 
solution which induces a Taylor cone from which polymer nanofibers are formed.65 The 
versatility of PSMA has therefore led to the idea of attaching a calixarene to it, in order to 
exploit the various functional possibilities that calixarenes possess. 
1.7 Aims of the project 
The main approach proposed in this dissertation was using a simple calix[4]arene 
functionalized with a primary amine tether in order to graft onto PSMA. Having synthesized a 
number of mono-substituted calix[4]arene-grafted PSMAs as our model compounds (in 
chapters 2 and 3), the simple calix[4]arene source could potentially be replaced with more 
sophisticated ones to be used for more elaborate purposes. In chapter 4, one of these purposes 
was the design and synthesis of a functionalized calix[4]arene capable of detecting mercury 
cation which is a major pollutant of biological systemsk.66,67 From literature reports, it was 
known that a certain type of calix[4]arene (bis-allyl bis-arylazo calix[4]arene also known as 
 
k The harmful effects of mercury emission on such systems including human cells will be discussed in detail in 
chapter 4 of this dissertation. 
Stellenbosch University https://scholar.sun.ac.za
27 | P a g e  
 
Chung’s sensor) could act as a potent colorimetric sensor for mercury (exhibiting a strong color 
change from yellow to pink upon complexation with mercury in solution media).68,69 Therefore, 
the production of a polymeric scaffold (based on the PSMA-originated grafts made in chapter 
3) involving the mentioned calix[4]arene was planned. The purpose of this was to produce a 
stable, durable sensing instrument for mercury (due to the existence of PSMA support). 
However, the possibility of calix[4]arene sensing toward mercury being affected or even 
undermined after the attachment to PSMA support would have to be considered as well. To do 
so, first, the calix[4]arene compartment of the graft had to be synthesized. This compartment 
must contain the above-mentioned Chung’s sensor plus a primary amine tether (resembling the 
amine-tethered models discussed in chapter 2) to be attached onto the PSMA support. Thus, a 
series of synthetic strategies for producing this desired amine-tethered calix[4]arene were 
pursued. Considering the complexation mechanism, caution was taken not to put the tether on 
the azo-possessing rings of the calix[4]arene due to the possible complexation disruption which 
might result in the dramatic decrease of our compound sensing capability (see Figure 1.8 
depicting the cartoon for this plan). 
 
Figure 1.8 Modified Chung’s sensor anchored to PSMA support (R: allyl, R’: p-methoxyphenylazo) 
Ultimately, in chapter 5 the synthesis of water-soluble p-sulfonated calix[4]arenes will be 
discussed. The purpose of making these compounds was as a result of the literature-reported 
example to produce hydrogelsl in the presence of crosslinking agents70 with numerous 
applications.71-74 In order to do that, an amine-tethered p-sulfonated calix[4]arene (similar to 
 
l Hydrogel is a three-dimensional crosslinked network of either a colloid or a polymer capable of swelling as a 
result of retaining an immense amount of water.75 This phenomenon and its applications will be explained in 
detail in chapter 5 of this dissertation. 
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the mono-substituted model compound made in chapter 2) was synthesized and its grafting 
onto PSMA (with different maleic anhydride contents) was studied (using the previously 
mentioned methods from chapter 3). Next, these resulting water-soluble grafts were 
investigated with respect to their interactions with a series of viologen-based quaternary amines 
(potential crosslinking agents for p-sulfonated calix[4]arenes in accordance with literature70) 
to form hydrogels (see Scheme 1.23 depicting the cartoon for this plan). Other polymeric 
supports (i.e. PVP-MA) would also be considered in case of PSMA-supported grafts failure to 
achieve the hydrogel formation.   
 
Scheme 1.23 Possible crosslinking between a p-sulfonated calix[4]arene-PSMA graft through encapsulated bis-
quaternary amine units (R: tertiary butyl, BQA: bis-quaternary amine) 
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Chapter 2. Synthesis of primary amine-tethered 
calix[4]arenes as polymer grafting models  
2.1 Chapter overview 
In this chapter, the alkylation of calix[4]arenes with an amine-precursor (various options) will 
be discussed. That will be followed by the discussion of reactions converting the amine-
precursor into a primary amine which can be then used as a functional group to link a 
calix[4]arene to PSMA. The challenges around the purification of the amines in general and 
the solutions to address these will also be discussed.   
2.2 Options with regards to making a primary amine-tethered calix[4]arene 
From a literature point of view, many options can be employed for the synthesis of primary 
amines. Amongst them, perhaps the most famous ones are the reduction of a nitrile group,1 a 
Staudinger reaction on an azide group,2 reduction of a nitro group3 and finally the Gabriel 
synthesis for the conversion of a phthalimide group into an amine.4 In the case of the required 
alkyl-nitro compounds, the yields reported in literature for their synthesis can be very poor 
(<20%)5 and reduction of the nitrile reagent with hydride reagents would likely be complicated 
by the calixarene phenolic groups (the hydride reagents may act as a base and react with the  
phenolic groups). Thus, in this study, the experiments were only attempted on the azide, and 
the phthalimide functional groups. Both of these approaches will be addressed in this chapter. 
2.3 Synthesis of an alkyl azide reagent 
In the first attempt to synthesize a primary amine-precursor, an azide reagent was prepared and 
used for monoalkylation of calix[4]arene. To begin with, butane-1,4-diyl bis(4-
methylbenzenesulfonate) 1 was synthesized using butane-1,4-diol with p-toluenesulfonyl 
chloride (2.18 equiv.), triethylamine (2.99 equiv.) and DMAP (5 mol%) in anhydrous DCM   
(0 °C, then room temperature for 24 hours). A 66% yield was acquired for our desired bis-
tosylated product 1 (a trace of the monotosylated product also formed) (Scheme 2.1) and the 
spectral data matched that from literature.6 
 
Scheme 2.1 Synthesis of the bistosylate reagent. Reagents and conditions: (1) p-toluenesulfonyl chloride      
(2.18 equiv.), triethylamine (2.99 equiv.), DCM, 0 °C then RT, 24 h 
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Next, bistosylate 1 and sodium azide (1.1 equiv.) were mixed and stirred in DMF (at room 
temperature for 72 hours) to afford novel alkyl azide reagent 2. However, only 22% yield was 
obtained, with a significant amount of unreacted bistosylate remaining behind (Scheme 2.2). 
 
Scheme 2.2 Synthesis of the alkyl azide reagent 
The 1H-NMR spectrum for monoazide reagent 2 (Figure 2.1) showed an obvious dissymmetry 
in comparison to the starting material 1. As a result of replacing a tosyl group with an azide, 
there were only four aromatic protons observed for the monotosylate compound 2, while 
bistosylate compound 1 demonstrated eight aromatic protons in the same region (they both 
showed up as doublets). In addition, in the aliphatic region, the dissymmetry emerged for 2 as 
terminal methylenes revealed themselves as two different triplets (at 3.25 ppm for azide 
terminus and 4.05 ppm for tosylate terminus), while in the case of 1 there was only one 
multiplet for the equivalent tosylated terminals between 3.94-3.99 ppm. Finally, the integration 
ratios suggest that there was only one methyl for tosylate group on compound 2 at 2.45 ppm 
(while there were two equivalent methyls on compound 1). 
In addition, the FT-IR spectrum exhibited a strong stretch for the N=N=N group of product 2 
at 2093 cm–1.  
Of interest, HRMS results revealed a molecular ion of 292.0725 Da (calculated for [M+Na]+:           
292.0732 Da). Also, there was a molecular ion of 242.0848 Da representing the compound 
molecular ion with loss of an N2 which is common for azides (calculated for [M+H–N2]+:   
242.0851 Da). 
Although the yield of the reaction was low, it was decided to test the mono-alkylation strategy 
without further optimization at this point. The plan was to put the alkyl azide 2 on p-t-butyl-
calix[4]arene 3 and then convert it into the desired alkylamine (10b) via a Staudinger reaction. 
The mono-alkylation approach was chosen based on the successful method for monoalkylation 
of p-t-butyl-calix[4]arene 3 reported by our colleague Christopher Jurisch for his honours 
project (deprotonation of p-t-butyl-calix[4]arene 3 by NaH at 80 °C for 24 hours, followed by 
alkylation at the same temperature for another 24 hours).7 
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Figure 2.1 1H-NMR spectrum (in CDCl3) for the alkyl azide reagent (2) 
After the failure of the first attempt because of the azide reagent decomposition at 80 °C, the 
reaction temperature was decreased down to 50 °C (minimizing the possibility of the azide 
reagent decomposition), but the alkylation time increased to 72 hours (the lower the 
temperature, the slower the reaction). Regrettably, the result was an inseparable mixture of 
mono- and di-substituted p-t-butyl-calix[4]arene (only 40% collective yield). To check the 
solvent effect on the reaction and possibly get a better result, DMF was replaced by THF and 
the reaction was performed under the same conditions.m Unfortunately, poor results were once 
again obtained (an inseparable mixture of the mono- and di-substituted products, with even an 
even lower collective yield). Overall, due to the poor results for all of these attempts (See the 
summary in Scheme 2.3 and Table 2.1), this method was discontinued and the making of the 
primary amine-tethered calix[4]arenes was pursued through an alkylphthalimide approach. 
 
Scheme 2.3 Failed approach for synthesizing the amine-precursor through azide functionality 
 
m THF is a very good aprotic solvent for calix[4]arene studies and can be used as an appropriate replacement for 
DMF).8 
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Table 2.1 Failed attempts to synthesize a monoalkylated p-t-butyl-calix[4]arene. 1.0 equiv. base (NaH) and       








1 24 h 24 h DMF 80 0 
2 24 h 72 h DMF 50 Inseparable 
mixture (40% 
collective yield 
for mono and 
diazide) 
3 24 h 72 h THF 50 Inseparable 
mixture (30% 
collective yield 
for mono and 
diazide) 
2.4 Synthesis of an alkylphthalimide reagent 
The main alkylating reagents used successfully in this project were N-(n-bromoalkyl)-
phthalimides (alkyl: ethyl, butyl, hexyl). These were found to be moderately stable with a 
straightforward synthesis, and unlike many other amine precursors, they were easily removed 
from the product after the reaction. They could be synthesized according to literature in high 
yield using potassium phthalimide and a bis-terminated dibromoalkane, either with heating 
under reflux (in case of 1,2-dibromoethane) to produce 4e or via heating at 100 °C in DMF (for 
1,4-dibromobutane or 1,6-dibromohexane) to yield 4b and 4h (Scheme 2.4). The spectral data 
for all three compounds synthesized matched the values from literature.9 
 
Scheme 2.4 Synthesis of the alkylphthalimide reagent 
In the case of the butyl spacer, the iodide version was also synthesized as a potentially better 
alkylating agent. To do so, N-(4-bromobutyl)-phthalimide 4b was stirred with NaI (10.0 equiv.) 
in acetone at room temperature for 24 hours to afford N-(4-iodobutyl)-phthalimide 4b-i in 91% 
yield (Scheme 2.5) with complete correlation of its spectral data with the literature values.10  
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Scheme 2.5 Synthesis of N-(4-iodobutyl)-phthalimide (4b-i) 
2.5 Monoalkylation of calix[4]arenes  
The purpose of this reaction was to synthesize a mono primary amine-tethered calix[4]arene 
which could be used for the attachment onto a polymer. Here the monoalkylation will be 
discussed for both p-t-butyl-calix[4]arene 3 and calix[4]arene 7 individually, and the 
differences between the two will be pointed out. 
2.5.1 Synthesis of monoalkylated p-t-butyl-calix[4]arene 
Despite the failure of Christopher Jurisch’s approach for monoalkylation7 using the azide 
reagent (2), in practice, this approach exhibited very promising results in the case of using the 
phthalimide reagent as the alkyl halide. Various parameters affecting the reaction results were 
studied. Building on Christopher Jurisch’s results, it was understood that the longer the 
deprotonation time, the greater the yield for the reaction. Second, with respect to the base 
choice and solvent, K2CO3 with acetonitrile (under reflux) and NaH with DMF (at 80 °C) were 
used and compared in action. It was found that K2CO3 solely (or in conjunction with NaI as 
part of a Finkelstein strategy11) in acetonitrile would drive the reaction toward the formation 
of a dialkylated p-t-butyl-calix[4]arene as the major product and a monoalkylated p-t-butyl-
calix[4]arene as the minor product. In contrast with that, when NaH was used in dry DMF, it 
resulted in a good yield for a reaction with 24 hours for deprotonation and another 24 hours for 
alkylation (49% and 75% for butylphthalimide 5b and hexylphthalimide 5h respectively; 
Scheme 2.6). Moreover, regarding the latter approach, there was an attempt to increase the 
yield by replacing the alkyl bromide 4b with the alkyl iodide 4b-i, but only a slight increase was 
observed (52% for butylphthalimide 5b compared to 49% obtained for the same spacer by alkyl 
bromide). 
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Scheme 2.6 Monoalkylation of p-t-butyl-calix[4]arene using N-(n-bromoalkyl)-phthalimide. Reagents and 
conditions: (1) NaH (1.0 equiv.), DMF, 80 °C, 24 h then N-(n-bromoalkyl)-phthalimide (1.5 equiv.), 80 °C,     
24 h 
However, the monoalkylation of p-t-butyl-calix[4]arene 3 failed to work well for the 
ethylphthalimide reactant possibly due to its susceptibility toward strong bases. What was 
observed was the formation of an elimination product, N-vinylphthalimide 6, whose spectral 
data was available in literature and compared to that (Figure 2.2).12 This was almost certainly 
the cause of the significant decrease in the reaction yield (<10% for ethylphthalimide 5e).    
 
Figure 2.2 N-vinylphthalimide 6 
Earlier work by Groenen et al. was found in literature which seemed to be very useful for the 
monoalkylation of calix[4]arene using a minimum amount of K2CO3 (0.6 equiv.) with 
acetonitrile (reflux), alongside an excess of the alkyl halide (3.3 equiv.).13 In this case, the result 
was a monoalkylated product (major) and also a dialkylated product (minor) with a better yield 
(30% for ethylphthalimide 5e) compared to that obtained with the NaH method (Scheme 2.7). 
However, this approach did not work as well for forming butylphthalimide 5b or 
hexylphthalimide 5h, with yields respectively remaining the same 49%, or decreasing (from 
75% to 62%). 
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Scheme 2.7 Monoalkylation of p-t-butyl-calix[4]arene using N-(n-bromalkyl)-phthalimide. Reagents and 
conditions: (1) K2CO3 (0.6 equiv.), N-(n-bromalkyl)-phthalimide (3.3 equiv.), CH3CN, reflux, 24 h 
The 1H-NMR spectrum (see Figure 2.3 for butylphthalimide 5b) revealed the dissymmetry 
caused by the monoalkylation which caused the appearance of two broad singlets for the lower-
rim phenolic protons with different integrations at 9.01 and 9.77 ppm (ethylphthalimide 5e), 
9.51 and 10.08 ppm (butylphthalimide 5b), 9.60 and 10.19 ppm (hexylphthalimide 5h) (2 to 1 
integration ratio). The dissymmetry was also backed by inequivalent aromatic protons between 
6.90 and 7.10 ppm for all three compounds (compared to equivalent aromatic protons for 3), 
in addition to three different tertiary butyl signals between 1.10 and 1.30 ppm. There were also 
two aromatic multiplets for the phthalimide group with equal integrations between 7.69-7.72 
and 7.95-7.98 ppm (ethylphthalimide 5e), 7.68-7.70 and 7.85-7.88 ppm (butylphthalimide 5b), 
7.62-7.65 and 7.81-7.83 ppm (hexylphthalimide 5h) (1 to 1 integration ratio).  
Several conclusions could also be made on comparing the three 1H-NMR spectra:  
▪ The shorter the tether, the more upfield the phenolic protons. Compound 5e has the shortest 
tether and its phenolic protons may possibly undergo the anisotropic effect of the tether 
phthalimide more and occur more upfield compared to 5b and 5h. 
▪ The shorter the tether, the more downfield the phthalimide protons. Compound 5e’s 
phthalimide protons are affected by the lower-rim strong hydrogen bonding more than the 
other two compounds due to possessing the shortest tether of all. The way this phenomenon 
possibly functions is as follows – hydrogen-bonding occurs between the carbonyl moiety 
of phthalimide and the phenolic protons, causing an electronic pull that deshields the 
phthalimide protons. 
In the FT-IR spectrum, the best indication for the presence of a phthalimide group was the 
strong stretch at 1706 cm–1 (ethylphthalimide 5e), 1712 cm
–1 (butylphthalimide 5b), 1707 cm
–1 
(hexylphthalimide 5h) for the imide carbonyl. 
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In addition, HRMS data revealed the existence of species with molecular ions of 844.4559 Da 
for 5e (calculated for [M+Na]
+: 844.4553 Da), 867.5308 Da for 5b (calculated for [M+NH4]
+: 
867.5312 Da) and 895.5637 Da for 5h (calculated for [M+NH4]
+: 895.5625 Da). 
 
Figure 2.3 An example of the 1H-NMR spectrum (in CDCl3) for a monoalkylated p-t-butyl-calix[4]arene (5b) 
2.5.2 Synthesis of monoalkylated de-butylated calix[4]arenes 
The monoalkylation was again attempted, but this time on the de-butylated calix[4]arene 7. 
The same conditions (reaction in DMF with NaH over a long deprotonation period at 80 °C) 
were employed, but the result was a mixture (inseparable by column chromatography) of 
monoalkylated calix[4]arene and 2-(pyrrolidine-1-carbonyl)benzoic acid 8 (Figure 2.4) in case 
of the butylphthalimide spacer. The side product (8) was isolated via trituration of the crude 
material with methanol (8 was soluble in methanol while the calix[4]arene product 9b remained 
insoluble and collected via filtration affording only 15% yield for the monoalkylated 
compound). It is believed that compound 8 (whose spectral data was also available in literature 
and was compared to that)14 resulted from a ring-opening reaction of phthalimide, followed by 
an intramolecular ring-closing reaction (in case of the ethylphthalimide spacer the side product 
was N-vinylphthalimide 6 as a result of an elimination reaction while the desired product 9e 
never formed). 
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Figure 2.4 2-(pyrrolidine-1-carbonyl)benzoic acid 8 
Comparing the monoalkylation results for calix[4]arene 7 with the ones for p-t-butyl-
calix[4]arene 3 (both in the presence of NaH), suggested the decomposition of the alkyl halide 
before reaction with calix[4]arene 7. Therefore, it suggested that the calix[4]arene anion is a 
stronger base than the p-t-butyl-calix[4]arene anion. Next, the method used by Shu et al.,15 
involving a more polar solvent (acetonitrile) and NaOMe as a base was attempted. In this case, 
the product formed, although the yields (36% and 48% for butylphthalimide 9b and 
hexylphthalimide 9h spacers) were not as good as the paper suggested (70 to 80%). The partial 
success was probably due to the more polar solvent reducing the basicity of the nucleophile. 
However, this method also did not produce the desired product for the ethylphthalimide spacer 
(9e). Thus, the K2CO3 method applied to p-t-butyl-calix[4]arene 3 and N-(2-
bromoethyl)phthalimide 4e in the previous section was attempted. Satisfyingly, the approach 
not only produced the monoalkylated calix[4]arene with ethylphthalimide spacer (48% yield), 
but also improved the yield for the others (59% and 54% for butylphthalimide 9b and 
hexylphthalimide 9h spacers) (see Scheme 2.8). 
 
 
Scheme 2.8 Monoalkylation of calix[4]arene using N-(n-bromoalkyl)-phthalimide. Reagents and conditions:         
(1) NaOMe (1.2 equiv.), CH3CN, reflux, 24 h then N-(n-bromoalkyl)-phthalimide (2.5 equiv.), reflux, 24 h;                      
(2) K2CO3 (0.6 equiv.), N-(n-bromalkyl)-phthalimide (3.3 equiv.), CH3CN, reflux, 24 h 
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As was seen previously, the 1H-NMR spectrum (see Figure 2.5 for butylphthalimide 9b) 
revealed the dissymmetry as a result of monoalkylation. Two phenolic protons (lower-rim) 
with different integration ratio (2 to 1) appeared at 8.79 and 9.24 ppm (ethylphthalimide 9e), 
9.30 and 9.58 ppm (butylphthalimide 9b), 9.40 and 9.71 ppm (hexylphthalimide 9h) 
respectively. There were two triplets and one multiplet in the aromatic region for the upper-rim 
aromatic protons and two phthalimide multiplets (integration ratio: 1 to 1) between 7.66-7.69 
and 7.96-7.98 ppm (ethylphthalimide 9e), 7.64-7.67 and 7.84-7.87 ppm (butylphthalimide 9b), 
7.58-7.61 and 7.78-7.81 ppm (hexylphthalimide 9h).  
Similar to the previous section: 
▪ The compound with the shortest tether (ethylphthalimide 9e) has the most upfield phenolic 
protons, probably due to the anisotropic effect of the phthalimide group.  
▪ Moreover, the same compound (ethylphthalimide 9e) most likely due to having the 
strongest hydrogen bonding between its phenolic protons and the phthalimide group 
(comparing to butylphthalimide 9b and hexylphthalimide 9h), had the most downfield 
phthalimide protons on its 1H-NMR spectrum. 
With regards to the FT-IR spectrum, the characteristic stretch for the imide carbonyl revealed 
itself at 1715 cm–1 (ethylphthalimide 9e), 1702 cm
–1 (butylphthalimide 9b), 1705 cm
–1 
(hexylphthalimide 9h) indicating the existence of the phthalimide group. 
In addition, HRMS (ESI-) data showed the presence of molecular ions 596.2088 Da for 
ethylphthalimide 9e (calculated for [M–H]
+: 596.2073 Da), 624.2399 Da for butylphthalimide 
9b (calculated for [M–H]
+: 624.2386 Da), 652.2722 Da for hexylphthalimide 9h (calculated for 
[M–H]+: 652.2699 Da). Also, compound 9b showed a molecular ion of 423.1592 Da (calculated 
for [plain calix[4]arene–H]+: 423.1596 Da). 
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Figure 2.5 An example of the 1H-NMR spectrum (in CDCl3) for a monoalkylated of calix[4]arene (9b) 
2.6 Different methods regarding the deprotection of phthalimide (Gabriel synthesis) 
Three different methods to hydrolyze the phthalimide group to reveal the amine were 
examined.16 The first one, in fact, one of the oldest approaches for phthalimide deprotection, 
included using methylamine hydrochloride in a basic environment.17 Unfortunately, this 
approach failed to achieve its goal and only the starting material was recovered (Scheme 2.9).  
 
Scheme 2.9 Failed attempt for Gabriel synthesis using methylamine salt (R: calix[4]arene with its tether) 
The second approach was based on a literature report by Ganem and co-workers, in which an 
alkylphthalimide ring was reductively opened with NaBH4 in 2-propanol/H2O and the resulting 
aromatic amide then hydrolyzed by glacial acetic acid into the primary amine (Scheme 2.10).18 
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Scheme 2.10 An example of Gabriel synthesis with NaBH4/hydrolysis approach (R: 5b) 
This approach was employed for our monoalkylated p-t-butyl-calix[4]arene 5b and a moderate 
yield was acquired for that (52% for the butylphthalimide spacer).  
The third approach was using hydrazine monohydrate, which is a potent nucleophile capable 
of opening the phthalimide ring on both its carbonyl groups due to its “bidentate” structure. 
The great advantage of this method is the formation of the ammonium salt of phthalhydrazide 
which theoretically can either transform into the hydrogen chloride salt of the amine (acidic 
work-up) or the neutral amine (basic work-up) (Scheme 2.11). The remaining hydrazide salt is 
reportedly insoluble in organic solvents and can be removed easily via filtration while the 
amine (or its salt) stays in the filtrate (This approach is also known as the Ing-Manske 
reaction).19  
 
Scheme 2.11 Gabriel synthesis through hydrazinolysis (R: calix[4]arene with its tether) 
In order to improve the solubility of calix[4]arene, THF was used as the co-solvent. Two very 
important findings were discovered after performing many experiments:  
▪ The minimum amount of hydrazine monohydrate necessary for full deprotection of 
phthalimide was 10 equivalents per phthalimide group on the substrate. For example, a 
mono-alkylated calix[4]arene possessing 1 phthalimide group required at least                       
10 equivalents of hydrazine monohydrate for full conversion from the alkylphthalimide 
into alkylamine.  
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▪ The average time for the complete formation of the product was 5 hours. In addition, it was 
found that the longer the reaction time, the lower the yield (See Table 2.2 for attempted 
Gabriel reactions summary).  
































- 0.05 72 h EtOH/THF Reflux <10 
4 N2H4·H2O 
(10.0) 
- 0.05 24 h EtOH/THF Reflux 45 
5 N2H4·H2O 
(10.0) 
- 0.05 5 h EtOH/THF Reflux 81 
 
2.7 Purification challenge for the synthesized aminocalix[4]arene and the solution  
The first challenge in these reactions was the loss of a significant ammount of product after the 
reaction, when it was filtered and the insoluble salt was removed. A very poor yield was 
obtained, apparently due to the complexation of the newly formed amine with phthalhydrazide 
salt. In order to solve the problem, the crude reaction mixture was acidified (1<pH<2), filtered, 
then re-basified (9<pH<10) and finally the product (free amine) was re-extracted and dried in 
vacuo. This procedure significantly increased the yield for the hydrazinolysis.  
2.8 Hydrazinolysis of alkylated p-t-butyl-calix[4]arenes 
This section provides the reader with the interpretation of the spectral data for multiple 
examples of the hydrazinolysis reactions. It must be noted that the de-protection was only 
attempted on the alkylated p-t-butyl-calix[4]arenes (due to the simplicity of producing these 
compounds, the hydrazinolysis reactions were only done on them and not on the alkylated plain 
calix[4]arenes which had purification issues like the difficulty of removing many side-
products, while not drastically increasing the yields compared to the alkylated p-t-butyl-
calix[4]arenes) (Scheme 2.12 shows examples of hydrazinolysis).  
Stellenbosch University https://scholar.sun.ac.za
47 | P a g e  
 
 
Scheme 2.12 Hydrazinolysis of a series of monoalkylated p-t-butyl-calix[4]arene (5e, 5b, 5h). Reagents and 
conditions: (1) N2H4·H2O (10.0 equiv.), EtOH/THF, reflux, 5 h 
In the 1H-NMR spectra for monoalkylamino p-t-butyl-calix[4]arenes (compounds 10e, 10b, 
10h), the first noteworthy point was the disappearance of the phthalimide signals (between 7.50 
and 8.00 ppm). The inequivalent aromatic protons also suggested dissymmetry 
(monofunctionalized p-t-butyl-calix[4]arene). On the other hand, these compounds behaved 
differently in terms of the whereabouts of the amine functionality and phenolic protons of the 
lower-rim. Ethylamine 10e, which potentially possessed the strongest hydrogen bonding 
(shortest tether), did not reveal either of its NH2 or OH groups in the 1H-NMR spectrum, while 
for butylamine 10b (Figure 2.6 shows its 
1H-NMR spectrum) and hexylamine 10h, these signals 
merged with each other to form a broad singlet. For butylamine 10b, the signal was observable 
at 6.80 ppm, while for hexylamine 10h, it is seen at 8.17 ppm. In truth, the one with the longest 
tether (10h) was supposed to have the weakest hydrogen bonding and naturally possess the 
most upfield phenolic protons (and obviously the slowest proton exchange between NH2 and 
OH), but the experimental data suggest the other way around. In other words, the 1H-NMR 
spectral data may propose that due to some unusual steric effects the hexylamine 10h formed a 
hydrogen bond stronger than that of butylamine 10b, resulting in the shifting of the phenolic 
protons more downfield than initially expected. However, given too many contradictory 
parameters here, the chemical shift values are still too complex to be interpreted without any 
further supporting evidence. 
In the FT-IR spectrum, there were two characteristic signals indicating the existence of the 
primary amine group. The first was a medium bend related to N-H group observable at          
1599 cm–1 (ethylamine 10e), 1573 cm
–1 (butylamine 10b) and 1600 cm
–1 (hexylamine 10h). The 
second one was a medium stretch for C-N which could be observed at 1300 cm–1 (ethylamine 
10e), 1296 cm
–1 (butylamine 10b) and 1298 cm
–1 (hexylamine 10h).  
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According to HRMS results, there were molecular ions 692.4688 Da for ethylamine 10e 
(calculated for [M+H]+: 692.4679 Da), 720.4979 Da for butylamine 10b (calculated for 
[M+H]+: 720.4992 Da) and 748.5308 Da for hexylamine 10h (calculated for [M+H]
+:  748.5305 
Da). 
 
Figure 2.6 An example of the 1H-NMR spectrum (in CDCl3) for a monoalkylamino p-t-butyl-calix[4]arene (10e) 
2.9 Concluding remarks 
Overall in this chapter, initially different conditions (including various bases, solvents, and 
temperatures) were applied in order to synthesize mono-alkylated calix[4]arenes (as precursors 
for amine) with different chain lengths were investigated. The synthesis of mono-alkylated 
calix[4]renes was carried out in high yield and then the synthesized alkylated calix[4]arenes 
were subjected to several deprotection methods. Amongst all of these methods, only one of 
them was found efficient enough for producing primary amine-tethered calix[4]arene in 
appropriate yields (hydrazinolysis). However, the purification issues for the newly synthesized 
amines turned into a challenge and a solution was considered with respect to that. To resolve 
this, acidification of the crude amine with 4 M HCl, filtration, re-basification with 2 M NaOH 
and finally re-extraction (into DCM) were utilized to achieve the pure free amine. These 
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successfully synthesized aminocalix[4]arenes will be studied in chapter 3 for their capabilities 
to be grafted onto PSMA. 
2.10 Experimental section 
2.10.1 Chemicals 
All chemicals (solvents and reagents) involved with this project were sourced from either      
Sigma-Aldrich or Merck. Toluene and THF were distilled under nitrogen using sodium wires. 
In the case of THF, benzophenone was used as the color-changing indicator (color change from 
brown to blue upon moisture removal). DCM, acetonitrile and DMF were distilled from 
calcium hydride (the first two under nitrogen and the third one under vacuum). Ethanol was 
distilled under nitrogen with magnesium turnings plus iodine. All distilled solvents were stored 
in sealed containers with 4 Å molecular sieves. The remaining solvents were purified with the 
common methods available in literature.20,21 
2.10.2 Inert conditions  
All reactions were carried out under a positive pressure of argon using a typical Schlenk system 
equipped with a mercury bubbler for pressure regulation. 
2.10.3 Chromatographic techniques 
All column chromatography was performed with Merck silica gel (mesh size: 230-400, particle 
size: 0.04 to 0.063 mm). The elution operation was done with one or a mixture of the following 
solvents: Ethyl acetate, DCM, petroleum ether, methanol and lastly ethanol. Aluminum backed 
Merck silica gel 60 F254 plates were employed for thin layer chromatography (TLC) and the 
results were visualized with a UV lamp. In some cases, in order to better visualize the products, 
the plates were dipped in either CAM stain solution (cerium ammonium molybdate) and heated 
afterward or kept in iodine stain (a mixture of silica gel and molecular iodine) for a short period.  
2.10.4 Characterization techniques 
2.10.4.1 ATR-FTIR (attenuated total reflectance Fourier transform infrared) 
spectroscopy 
A Nicolet FTIR spectrometer (model is10) from Thermo-Scientific equipped with a diamond 
internal reflection crystal was used for IR experiments. All spectra were obtained from the solid 
samples producing results between 4000 cm–1 and 650 cm–1, while the spectral resolution was            
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4 cm–1 and the sum of the individual scans were 128 cm–1. Acquiring data and processing them 
were done by Omnic software (version 7.0).  
2.10.4.2 NMR (nuclear magnetic resonance) spectroscopy 
A Varian VNMRS 300 MHz instrument (75 MHz for 13C-NMR) was employed to obtain all 
NMR spectra. Considering the solubility status of our products, the deuterated chloroform 
(CDCl3) was chosen for dissolving the products for analysis. The deuterated solvent included 
tetramethylsilane (TMS) as the internal standard (δ=0 ppm) from which all chemical shift 
values were measured in ppm downfield at room temperature.n  
2.10.4.3 HRMS (high-resolution mass spectrometry)  
High-resolution mass spectrometry operations were carried out by Waters API Q-TOF Ultima 
spectrometer in Stellenbosch Central Analytical Facility. 
2.10.4.4 Melting point  
Gallenkamp Melting Point Apparatus was employed to determine all melting points.  
2.10.5 Synthetic procedures 
In this section, the synthetic procedures for producing the compounds discussed in chapter 2 
will be presented. Also, the characterization data for each compound will be provided. 
2.10.5.1 Synthesis of project starting materials 
Here the synthesis of calix[4]arenes, phthalimide reagents, the azide reagent, and some other 
compounds will be explained and the spectral data will be provided accordingly. 
2.10.5.1.1 Synthesis of calix[4]arenes 
5,11,17,23-Tetra-t-butyl-25,26,27,28-tetrahydroxy-calix[4]arene – 3  
para t-Butyl phenol (104 g, 692 mmol), formaldehyde solution (37%)   
(64.5 mL, 795 mmol) and NaOH pellets (500 mg, 13.0 mmol) in H2O        
(2.5 mL) were placed in a 2 L three-neck round-bottom flask. It was then 
equipped with a mechanical stirrer and while stirring it was put under a 
steady nitrogen flow and heated at 120 °C for almost 45 minutes until 
 
n In the last chapter of this dissertation, the high temperature experiments were run using a 400 MHz Varian Unity 
Inova (100 MHz for 13C-NMR). 
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the formation of a green-yellow viscous mass. At this point the stirring was stopped, the 
reaction was cooled down to room temperature and diphenyl ether (850 mL) was added. 
Thereafter toluene (50 mL) was added, stirring restarted and the temperature was raised to       
120 °C in order to remove the remnants of water (azeotropic effect of toluene). Having finished 
that stage, the nitrogen outlet was fitted with a reflux condenser (with compressed air flow) 
and the reaction was brought to reflux for 4 hours. After that, the heating was stopped, but not 
the stirring and when the reaction became cold enough, ethyl acetate (600 mL) was added 
(another one hour of stirring). The reaction vessel contents were filtered and the solid was 
rinsed with small portions of ethyl acetate. The resulting solid was then triturated first with 
glacial acetic acid (100 mL) and then with diethyl ether (100 mL) to afford a white fine powder 
(65.6 g, 58%). The spectral data were correlated with that from literature.22 1H-NMR              
(300 MHz, CDCl3) δ ppm 1.22 (s, 36H, C(CH3)3), 3.44-3.58 (m, 4H, ArCH2Ar), 4.18-4.36 (m, 
4H, ArCH2Ar), 7.06 (s, 8H, ArH), 10.35 (s, 4H, ArOH). 
25,26,27,28-Tetrahydroxy-calix[4]arene – 7 
5,11,17,23-Tetra-t-butyl-25,26,27,28-tetrahydroxy-calix[4]arene 3 (9.60 g, 
15.0 mmol)  was suspended in dry toluene (90 mL) under an argon 
atmosphere in a two-neck 500 mL round-bottom flask. To that was added 
AlCl3 (15.6 g, 120 mmol) and phenol (11.4 g, 120 mmol) and the reaction 
was stirred at room temperature for 4 hours. After that, 0.2 N HCl (150 mL) was added and 
stirring continued for another 5 minutes. Then the reaction was transferred into a separation 
funnel and extracted three times with DCM (3×150 mL). The organic layer was dried over 
anhydrous MgSO4 and the solvent was removed under the reduced pressure. The crude finally 
was triturated with methanol (150 mL) to reveal a white solid (5.50 g, 86%). The spectral data 
were correlated with that from literature.23 1H-NMR (300 MHz, CDCl3) δ ppm 3.58 (br. s, 4H, 
ArCH2Ar), 4.29 (br. s, 4H, ArCH2Ar), 6.76 (t, J=7.6 Hz, 4H, ArH), 7.08 (d, J=7.6 Hz, 8H, 
ArH), 10.23 (s, 4H, ArOH). 
2.10.5.1.2 Synthesis of phthalimide reagents  
2.10.5.1.2.1 General procedure for the synthesis of phthalimide reagents 
Potassium phthalimide was either heated under reflux in 1,n-dibromoalkane or mixed with it 
in DMF and heated at 100 °C for 12 hours. For the 1st approach, the reaction was quenched 
with water (50 mL) and the product was extracted with DCM (3×50 mL). The DCM layer was 
dried over anhydrous MgSO4 and concentrated in vacuo. For the 2nd approach, the reaction was 
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quenched with water (50 mL), extracted with ethyl acetate (3×50 mL), washed with water 
(6×50 mL) and dried like the 1st approach. The crude was purified with a column 
chromatography (2% EtOAc/petroleum ether) to yield the final product as a colorless solid. 
They are described below: 
N-(2-bromoethyl)-phthalimide – 4e 
It was made following the general procedure (approach 1) with 
potassium phthalimide (3.00 g, 16.1 mmol) and 1,2-dibromoethane    
(12.1 g, 64.4 mmol). (2.87 g, 70%); The spectral data were correlated 
with that from literature.9 1H-NMR (300 MHz, CDCl3) δ ppm 3.60 (t, 
J=6.9 Hz, 2H, C-CH2Br), 4.09 (t, J=6.9 Hz, 2H, NCH2-C), 7.73-7.76 (m, 2H, ArH), 7.86-7.89 
(m, 2H, ArH). 
N-(4-bromobutyl)-phthalimide – 4b 
It was made following the general procedure (approach 2) with 
potassium phthalimide (930 mg, 5.00 mmol) and 1,4-
dibromobutane (5.40 g, 25.0 mmol) in DMF (10 mL). (1.23 g, 
87%); The spectral data were correlated with that from literature.9 
1H-NMR (300 MHz, CDCl3) δ ppm 1.80-1.96 (m, 4H, CH2-CH2), 3.45 (t, J=6.9 Hz, 2H,            
C-CH2Br), 3.73 (t, J=6.9 Hz, 2H, NCH2-C), 7.70-7.73 (m, 2H, ArH), 7.83-7.86 (m, 2H, ArH).  
N-(6-bromohexyl)-phthalimide – 4h 
It was made following the general procedure (approach 2) 
with potassium phthalimide (1.86 g, 10.0 mmol) and 1,6-
dibromohexane (12.2 g, 50.0 mmol) in DMF (10 mL).     
(2.50 g, 81%); The spectral data were correlated with that 
from literature.9 1H-NMR (300 MHz, CDCl3) δ ppm 1.30-1.53 (m, 4H, CH2), 1.64-1.89 (m, 
4H, CH2), 3.40 (t, J=6.9 Hz, 2H, C-CH2Br), 3.69 (t, J=6.9 Hz, 2H, NCH2-C), 7.69-7.71 (m, 
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2.10.5.1.3 Spectral data for other reagents 
Butane-1,4-diyl bis(4-methylbenzenesulfonate) – 1 
 
To a stirring solution of p-toluenesulfonyl chloride (3.17 g, 16.6 mmol) and triethylamine     
(3.00 mL, 22.7 mmol) and DMAP (5 mol%) in anhydrous DCM (6 mL) at 0 °C, was added a 
solution of 1,4-butanediol (620 mg, 7.60 mmol) in DCM (5 mL). The reaction was slowly 
warmed up to room temperature and the stirring continued for 24 hours. Thereafter the reaction 
was diluted with DCM (50 mL) and got cooled down to 0 °C and quenched with 0.2 M HCl 
(50 mL). The reaction was transferred into a separation funnel, its DCM layer was separated 
and the remaining product was extracted from the aqueous layer with DCM (5×50 mL). The 
combined organic phase was dried over anhydrous MgSO4 and DCM evaporated in vacuo. The 
oily crude was purified via a column chromatography (10% EtOAc/petroleum ether) to afford 
the desired bistosylate as a yellow solid (2.00 g, 66%); The spectral data were correlated with 
that from literature.6 1H-NMR (300 MHz, CDCl3) δ ppm 1.65-1.69 (m, 4H, CH2-CH2), 2.43 (s, 
6H, CH3), 3.97 (br. t, J =5.8 Hz, 4H, OCH2-C), 7.32 (d, J=8.4 Hz, 4H, ArH), 7.73 (d,                       
J =8.4 Hz, 4H, ArH). 
Azidomethyl 4-methylbenzenesulfonate – 2 
 
Butane-1,4-diyl bis(4-methylbenzenesulfonate) 1 (200 mg, 0.500 mmol) and NaN3 (40.0 mg, 
0.550 mmol) were placed in a 10-mL round-bottom flask containing DMF (5 mL). The mixture 
was stirred at room temperature for 72 hours. The reaction was quenched with water and 
extracted into a separation funnel with EtOAc (3×50 mL) and washed with water again       
(6×50 mL). The organic layer was dried over anhydrous MgSO4 and removed under the 
reduced pressure. The crude was purified with a column chromatography (10% 
EtOAc/petroleum ether) to produce a yellow oil (30.0 mg, 22%). Rf=0.46 (25% 
EtOAc/Petroleum ether); 1H-NMR (300 MHz, CDCl3) δ ppm 1.56-1.78 (m, 4H, CH2-CH2), 
2.45 (s, 3H, CH3), 3.25 (t, J=6.6 Hz, 2H, CH2N), 4.05 (t, J=6.0 Hz, 2H, OCH2), 7.34 (d,       
J=8.2 Hz, 2H, ArH), 7.75 (d, J=8.2 Hz, 2H, ArH). 13C-NMR (75 MHz, CDCl3) δ ppm 21.5 
(CH3), 25.0 (C-CH2-C), 26.0 (C-CH2-C), 50.6 (CH2N3), 69.7 (OCH2), 127.9 (2 × CArH),   129.9 
(2 × CArH), 133.0 (C-CAr), 144.9 (CArSO3).  
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FT-IR (ATR) cm–1: 2951 (m, Aliphatic C-H stretch), 2093 (s, N=N=N stretch), 1354 (s, 
Aliphatic C-H bend), 1173 (s, C-O stretch). 
HRMS-TOF MS ESI+: m/z [M+Na]+ calculated for C11H15N3O3SNa 292.0732 Da; found: 
292.0725 Da. Also: 242.0848 Da (calculated for [M+H–N2]+: 242.0851 Da). 
N-(4-iodobutyl)-phthalimide – 4b-i 
N-(4-bromobutyl)-phthalimide 4b (310 mg, 1.10 mmol) and NaI 
(1.64 g, 11.0 mmol) were stirred in acetone (12 mL) for 24 hours 
at room temperature. After that, the solvent was removed under the 
reduced pressure and water (50 mL) was added to the remaining 
crude. The crude was transferred to a separation funnel and the product was extracted with 
DCM (3×50 mL). The organic phase was collected and evaporated in vacuo. The final crude 
was purified with a column chromatography (10% EtOAc/Petroleum ether) resulting in a white 
solid (300 mg, 91%); The spectral data were correlated with that from literature.10 1H-NMR 
(300 MHz, CDCl3) δ ppm 1.7-1.89 (m, 4H, CH2-CH2), 3.19 (t, J=6.6 Hz, 2H, C-CH2I), 3.68 (t, 
J=6.6 Hz, 2H, NCH2-C), 7.67-7.70 (m, 2H, ArH), 7.79-7.82 (m, 2H, ArH). 
2.10.5.2 Synthesis of alkylated calix[4]arenes 
This part is dedicated to the methods for producing alkylated calix[4]arenes. 
2.10.5.2.1 General procedure for the synthesis of mono-alkylated calix[4]arenes 
With p-t-butyl-calix[4]arene:  
(A) NaH approach: A mixture of 5,11,17,23-tetra-t-butyl-25,26,27,28-tetrahydroxy-
calix[4]arene 3 and NaH (60% in oil) (1.0 equiv.) in dry DMF in a round-bottom flask 
was stirred at 80 °C for 24 hours under argon. N-(n-bromoalkyl)-phthalimide               
(1.5 equiv.) was added and the stirring continued under the same conditions for another 
24 hours. The reaction was cooled down and quenched with 50 mL of NH4Cl (saturated 
solution). Ethyl acetate (3×50 mL) was added and then everything was transferred into 
a separation funnel. The organic phase was separated and washed with water           
(6×50 mL) and brine (50 mL) and dried over anhydrous MgSO4. The EtOAc layer was 
removed under the reduced pressure and the crude left was purified via a column 
chromatography (10% EtOAc/petroleum ether). Finally, the columned material was 
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triturated with methanol to afford the desired monoalkylated p-t-butyl-calix[4]arene as 
a white foam.  
(B) K2CO3 approach: In this case, a mixture of 5,11,17,23-tetra-t-butyl-25,26,27,28-
tetrahydroxy-calix[4]arene 3, alkyl halide (3.3 equiv.) and K2CO3 (0.6 equiv.) in 
acetonitrile in a round-bottom flask equipped with a condenser was heated under reflux 
for 24 hours under argon. The reaction was quenched with 1 M HCl (50 mL), extracted 
with DCM (5×50 mL) and the resulting crude was columned with (10% 
EtOAc/petroleum ether). The columned material was triturated with methanol 
producing a white foam.   
5,11,17,23-Tetra-t-butyl-25-mono-phthalimideethoxy-26,27,28-trihydroxy-calix[4]arene 
– 5e 
Synthesized following the general procedure (approach B) with 
5,11,17,23-tetra-t-butyl-25,26,27,28-tetrahydroxy-
calix[4]arene 3 (1.00 g, 1.55 mmol), anhydrous K2CO3          
(140 mg, 0.920 mmol) and N-(2-bromoethyl)-phthalimide 4e 
(1.28 g, 5.08 mmol) in acetonitrile (48 mL). (390 mg, 30%); Mp 
194 °C; Rf=0.38 (25% EtOAc/Petroleum ether); 1H-NMR    
(300 MHz, CDCl3) δ ppm 1.18 (s, 9H, C(CH3)3), 1.22 (s, 18H, 
C(CH3)3), 1.23 (s, 9H, C(CH3)3), 3.36 (d, 2H, J=8.1 Hz, 
ArCH2Ar), 3.41 (d, J=8.1 Hz, 2H, ArCH2Ar), 4.13 (d, J=13.3 Hz, 2H, ArCH2Ar), 4.24 (d, 
J=13.3 Hz, 2H, ArCH2Ar), 4.41 (s, 4H, OCH2-CH2N), 6.95 (d, J=2.4 Hz, 2H, ArH), 7.02 (s, 
2H, ArH), 7.03 (d, J=2.4 Hz, 2H, ArH), 7.07 (s, 2H, ArH), 7.69-7.72 (m, 2H, phthalimide 
ArH), 7.95-7.98 (m, 2H, phthalimide ArH), 9.01 (s, 2H, ArOH), 9.77 (s, 1H, ArOH). 13C-NMR 
(75 MHz, CDCl3) δ ppm 31.3, 31.6, 31.7, 32.0, 33.0, 34.0, 34.1, 34.3, 38.0 (C-CH2N), 73.3 
(OCH2-C), 123.5 (Ar), 125.6 (Ar), 125.7 (Ar), 125.8 (Ar), 126.7 (Ar), 127.3 (Ar), 127.7 (Ar), 
128.3 (Ar), 132.6 (Ar), 133.3 (Ar), 134.0 (Ar), 142.8 (Ar), 143.5 (Ar), 147.7 (Ar), 148.5 (Ar), 
148.6 (Ar), 148.8 (Ar), 168.8 (2 × C=O).   
FT-IR (ATR) cm–1: 3305 (b, O-H stretch), 2953 (b, Aliphatic C-H stretch), 1706 (s, C=O 
stretch), 1485 (m, Aliphatic C-H bend), 1194 (m, C-O stretch), 870 (m, C–H oop bend), 716 
(s, C–H oop bend). 
HRMS-TOF MS ESI+: m/z [M+Na]+ calculated for C54H63NO6Na 844.4553 Da; found:      
844.4559 Da.  
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Synthesized following the general procedure (approach A) with 
5,11,17,23-tetra-t-butyl-25,26,27,28-tetrahydroxy-calix[4]arene 3 
(1.00 g, 1.55 mmol), NaH (60% in oil) (62.0 mg, 1.55 mmol) and 
N-(4-bromobutyl)-phthalimide 4b (650 mg, 2.32 mmol) in DMF  
(26 mL) producing 640 mg (49%) of the product.  Alternatively, in 
case of using N-(4-iodobutyl)-phthalimide 4b-i, 52% product was 
acquired. The K2CO3 method (approach B) with 3 (1.00 g, 1.55 
mmol), K2CO3 (140 mg, 0.920 mmol) and N-(4-
bromobutyl)phthalimide 4b (1.43 g, 5.08 mmol) in acetonitrile (48 mL) yielded 640 mg (49%) 
of the product; Mp 215 °C; Rf=0.69 (25% EtOAc/Petroleum ether); 1H-NMR (300 MHz, 
CDCl3) δ ppm 1.21 (s, 9H, C(CH3)3), 1.23 (s, 18H, C(CH3)3), 1.24 (s, 9H, C(CH3)3), 2.10-2.28 
(m, 4H, C-CH2-C), 3.38-3.48 (m, 4H, ArCH2Ar), 3.93 (t, J=6.6 Hz, 2H, C-CH2N), 4.19 (t, 
J=6.3 Hz, 2H, OCH2-C), 4.24 (d, J=13.3 Hz, 2H, ArCH2Ar), 4.34 (d, J=13.3 Hz, 2H, 
ArCH2Ar), 6.99 (d, J=2.5 Hz, 2H, ArH), 7.05 (s, 2H, ArH), 7.06 (d, J=2.5 Hz, 2H, ArH), 7.09 
(s, 2H, ArH), 7.68-7.70 (m, 2H, phthalimide ArH), 7.85-7.88 (m, 2H, phthalimide ArH), 9.51 
(s, 2H, ArOH), 10.08 (s, 1H, ArOH) (Water signal was not removed even after heating the 
product under vacuum at 100 °C).o 13C-NMR (75 MHz, CDCl3) δ ppm 25.4, 27.2, 31.3, 31.5, 
31.6, 32.3, 32.7, 33.1, 34.0, 34.1, 34.3, 37.6 (C-CH2N), 76.3 (OCH2-C), 123.4 (Ar), 125.7 (Ar), 
125.8 (Ar), 126.0 (Ar), 126.5 (Ar), 127.7 (Ar), 127.8 (Ar), 128.2 (Ar), 128.4 (Ar), 132.2 (Ar), 
133.6 (Ar), 134.0 (Ar), 143.1 (Ar), 143.6 (Ar), 144.5 (Ar), 146.8 (Ar), 147.8 (Ar), 148.2 (Ar), 
148.6 (Ar), 149.3 (Ar), 168.6 (2 × C=O).   
FT-IR (ATR) cm–1: 3274 (b, O-H stretch), 2952 (b, Aliphatic C-H stretch), 1712 (s, C=O 
stretch), 1483 (m, Aliphatic C-H bend), 1200 (m, C-O stretch), 872 (m, C–H oop bend), 719 
(m, C–H oop bend). 
HRMS-TOF MS ESI+: m/z [M+NH4]+ calculated for C56H71N2O6 867.5312 Da; found:       
867.5308 Da.  
 
 
o There is also a singlet corresponding to another possible isomer of this compound at 10.36 ppm. 
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Synthesized following the general procedure (approach A) with 
5,11,17,23-tetra-t-butyl-25,26,27,28-tetrahydroxy-calix[4]arene 3 
(1.00 g, 1.55 mmol), NaH (60% in oil) (62.0 mg, 1.55 mmol) and 
N-(6-bromohexyl)-phthalimide 4h (710 mg, 2.28 mmol) in DMF 
(26 mL) producing 1.00 g (75%) of the product. The K2CO3 method 
(approach B) with 3 (1.00 g, 1.55 mmol), K2CO3 (140 mg,         
0.920 mmol) and N-(6-bromohexyl)phthalimide 4h (1.58 g,         
5.08 mmol) in acetonitrile (48 mL) yielded 840 mg (62%) of the 
product; Mp 234 °C DEC;p Rf=0.61 (25% EtOAc/Petroleum ether); 1H-NMR (300 MHz, 
CDCl3) δ ppm 1.23 (s, 9H, C(CH3)3), 1.26 (s, 18H, C(CH3)3), 1.27 (s, 9H, C(CH3)3), 1.56-1.66 
(m, 2H, C-CH2-C), 1.73-1.80 (m, 2H, C-CH2-C), 1.83-1.92 (m, 2H, C-CH2-C), 2.15-2.25 (m, 
2H, C-CH2-C), 3.44 (d, J=5.1 Hz, 2H, ArCH2Ar), 3.47 (d, J=5.1 Hz, 2H, ArCH2Ar), 3.81 (t, 
J=6.9 Hz, 2H, C-CH2N), 4.16 (t, J=6.9 Hz, 2H, OCH2-C), 4.29 (d, J=13.3 Hz, 2H, ArCH2Ar), 
4.36 (d, J=13.3 Hz, 2H, ArCH2Ar), 7.02 (d, J=2.6 Hz, 2H, ArH), 7.07 (s, 2H, ArH), 7.09 (d, 
J=2.6 Hz, 2H, ArH), 7.12 (s, 2H, ArH), 7.62-7.65 (m, 2H, phthalimide ArH), 7.81-7.83 (m, 
2H, phthalimide ArH), 9.60 (s, 2H, ArOH), 10.19 (s, 1H, ArOH).q 13C-NMR (75 MHz, CDCl3) 
δ ppm 25.7, 26.8, 28.8, 29.8, 31.4, 31.5, 31.6, 31.7, 32.4, 32.7, 33.1, 34.0, 34.1, 34.3, 38.0      
(C-CH2N), 77.0 (OCH2-C), 123.2 (Ar), 125.8 (Ar), 126.0 (Ar), 126.5 (Ar), 127.8 (Ar), 128.2 
(Ar), 128.4 (Ar), 132.2 (Ar), 133.6 (Ar), 133.8 (Ar), 143.1 (Ar), 143.6 (Ar), 144.5 (Ar), 146.8 
(Ar), 147.9 (Ar), 148.1 (Ar), 148.6 (Ar), 149.4 (Ar), 168.6 (2 × C=O).   
FT-IR (ATR) cm–1: 3167 (b, O-H stretch), 2954 (b, Aliphatic C-H stretch), 1707 (s, C=O 
stretch), 1482 (m, Aliphatic C-H bend), 1202 (m, C-O stretch), 870 (m, C–H oop bend), 718 
(m, C–H oop bend). 






q There is also a singlet corresponding to another possible isomer of this compound at 10.39 ppm. 
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With de-butylated calix[4]arene:  
(A) NaOMe approach: A mixture of 25,26,27,28-Tetrahydroxyl-calix[4]arene 7 and 
NaOMe (1.2 equiv.) in dry acetonitrile in a round-bottom flask equipped with a 
condenser was heated under reflux for 24 under argon. Afterward, the desired N-(n-
bromoalkyl)-phthalimide (2.5 equiv.) was added and the stirring continued under the 
same conditions for another 24 hours. The reaction got cooled down and quenched with 
1 M HCl (50 mL) and transferred into a separation funnel. The acetonitrile layer was 
separated and the aqueous layer was re-extracted with DCM (5×50 mL). The combined 
organic layer was dried over anhydrous MgSO4 and the solvent was removed under the 
reduced pressure. The resulting crude was purified via a column chromatography (10% 
EtOAc/petroleum ether) to afford the desired monoalkylated calix[4]arene. 
(B) K2CO3 approach: A mixture of 25,26,27,28-Tetrahydroxyl-calix[4]arene 7, 
anhydrous K2CO3 (0.6 equiv.) and N-(n-bromoalkyl)-phthalimide (3.3 equiv.) in dry 
acetonitrile in a round-bottom flask equipped with a condenser was heated under reflux 
for 24 hours under argon. Then the reaction was cooled down and quenched with              
1 M HCl (50 mL) and the product was extracted with DCM (5×50 mL) into a separation 
funnel. The DCM layer was dried over anhydrous MgSO4 and the solvent was removed 
under the reduced pressure. The crude was purified with a column chromatography 
(10% EtOAc/petroleum ether) to afford a white foam-like solid.   
25-Mono-phthalimideethoxy-26,27,28-trihydroxy-calix[4]arene – 9e 
Synthesized following the general procedure (approach B) with 
25,26,27,28-tetrahydroxy-calix[4]arene 7 (1.00 g, 2.36 mmol), 
anhydrous K2CO3 (190 mg, 1.40 mmol) and N-(2-bromoethyl)-
phthalimide 4e (2.00 g, 7.94 mmol) in acetonitrile (72 mL) (680 mg, 
48%); Mp 231°C DEC; Rf=0.61 (40% EtOAc/Petroleum ether);    
1H-NMR (300 MHz, CDCl3) δ ppm 3.37 (d, J=8.9 Hz, 2H, 
ArCH2Ar), 3.42 (d, J=8.9 Hz, 2H, ArCH2Ar), 4.11 (d, J=13.3 Hz, 2H, ArCH2Ar), 4.19 (d, 
J=13.3 Hz, 2H, ArCH2Ar), 4.34-4.46 (m, 4H, OCH2-CH2N), 6.63 (t, J=7.9 Hz, 3H, ArH), 6.83 
(t, J=7.9 Hz, 1H, ArH), 6.93 (d, J=7.9 Hz, 2H, ArH), 6.95-6.99 (m, 4H, ArH), 7.01 (d,          
J=7.9 Hz, 2H, ArH), 7.66-7.69 (m, 2H, phthalimide ArH), 7.96-7.98 (m, 2H, phthalimide ArH), 
8.79 (s, 2H, ArOH), 9.24 (s, 1H, ArOH) (n-hexane, water and ethyl acetate signals were not 
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removed even after heating the product under vacuum at 100 °C).r 13C-NMR (75 MHz, CDCl3) 
δ ppm 31.17 (2 × ArCH2Ar), 31.84 (2 × ArCH2Ar), 37.93 (C-CH2N), 73.45 (OCH2-C), 120.5 
(Ar), 122.0 (Ar), 123.5 (Ar), 126.5 (Ar), 127.8 (Ar), 128.1 (Ar), 128.3 (Ar), 128.7 (Ar), 128.8 
(Ar), 128.9 (Ar), 129.6 (Ar), 132.5 (Ar), 133.8 (Ar), 134.1 (Ar), 148.9 (2 × CArO), 150.6 
(CArO), 151.3 (CArOC), 169.0 (2 × C=O).   
FT-IR (ATR) cm–1: 3296 (b, O-H stretch), 2932 (b, Aliphatic C-H stretch), 1715 (s, C=O 
stretch), 1466 (m, Aliphatic C-H bend), 1193 (m, C-O stretch), 916 (m, C–H oop bend), 720 
(s, C–H oop bend). 
HRMS-TOF MS ESI-: m/z [M–H]+ calculated for C38H30NO6 596.2073 Da; found:        
596.2088 Da. 
25-Mono-phthalimidebutoxy-26,27,28-trihydroxy-calix[4]arene – 9b 
Synthesized following the general procedure (approach A) with 
25,26,27,28-tetrahydroxy-calix[4]arene 7 (1.00 g, 2.36 mmol), 
NaOMe (160 mg, 2.84 mmol) and N-(4-bromobutyl)-phthalimide 4b 
(1.69 g, 5.92 mmol) in acetonitrile (70 mL) (530 mg, 36%). 
Alternatively in case of using K2CO3 (approach B), 7 (1.00 g,         
2.36 mmol), K2CO3 (190 mg, 1.40 mmol) and N-(4-
bromobutyl)phthalimide 4b (2.20 g, 7.79 mmol) in acetonitrile (72 mL) yielded 880 mg (59%) 
of the product. Mp 209 °C; Rf=0.54 (40% EtOAc/Petroleum ether); 1H-NMR (300 MHz, 
CDCl3) δ ppm 2.15-2.27 (m, 4H, C-CH2-C), 3.43 (d, J=4.1 Hz, 2H, ArCH2Ar), 3.48 (d,       
J=4.1 Hz, 2H, ArCH2Ar), 3.95 (t, J=6.6 Hz, 2H, C-CH2N), 4.20 (t, J=5.8 Hz,, 2H, OCH2-C), 
4.23 (d, J=13.4 Hz, 2H, ArCH2Ar), 4.34 (d, J=13.4 Hz, 2H, ArCH2Ar), 6.67 (t, J=7.4 Hz, 3H, 
ArH), 6.86 (t, J=7.4, 1H, ArH), 6.99 (d, J=7.4 Hz, 2H, ArH), 7.04-7.06 (m, 4H, ArH), 7.08 (d, 
J=7.4 Hz, 2H, ArH), 7.64-7.67 (m, 2H, phthalimide ArH), 7.84-7.87 (m, 2H, phthalimide ArH), 
9.30 (s, 2H, ArOH), 9.58 (s, 1H, ArOH) (n-hexane, water, ethyl acetate and dichloromethane 
signals were not removed even after heating the product under vacuum at 100 °C).s 13C-NMR 
(75 MHz, CDCl3) δ ppm 25.4 (C-CH2-C), 27.4 (C-CH2-C), 31.5 (2 × ArCH2Ar), 31.9 (2 × 
ArCH2Ar), 37.7 (C-CH2N), 76.5 (OCH2-C), 120.9 (Ar), 122.0 (Ar), 123.4 (Ar), 126.3 (Ar), 
 
r There are also two singlets corresponding to another possible isomer of this compound at 1.13 and 1.14 ppm. 
s There is also a singlet corresponding to another possible isomer of this compound at 5.29 ppm. 
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128.4 (Ar), 128.5 (Ar), 128.8 (Ar), 128.9 (Ar), 129.5 (Ar), 132.2 (Ar), 134.0 (Ar), 134.2 (Ar), 
149.2 (CArO), 151.0 (CArO), 151.4 (CArOC), 168.6 (2 × C=O).  
FT-IR (ATR) cm–1: 3452 (m, O-H stretch), 2920 (m, Aliphatic C-H stretch), 1702 (s, C=O 
stretch), 1466 (m, Aliphatic C-H bend), 1036 (m, C-O stretch), 756 (m, C–H oop bend), 714 
(m, C–H oop bend). 
HRMS-TOF MS ESI-: m/z [M–H]+ calculated for C40H34NO6 624.2386 Da; found:        
624.2399 Da.  
Also: [plain calix[4]arene–H]+ calculated for C28H23O4 423.1596 Da; found: 423.1592 Da. 
25-Mono-phthalimidehexoxy-26,27,28-trihydroxy-calix[4]arene – 9h 
Synthesized following the general procedure (approach A) with 
25,26,27,28-tetrahydroxy-calix[4]arene 7 (250 mg, 0.590 mmol), 
NaOMe (40.0 mg, 0.710 mmol) and N-(6-bromohexyl)-phthalimide 
4h (460 mg, 1.48 mmol) in acetonitrile (18 mL) (180 mg, 48%). 
Alternatively, in case of using K2CO3 (approach B), 7 (1.00 g,       
2.36 mmol), K2CO3 (190 mg, 1.40 mmol) and N-(6-
bromohexyl)phthalimide 4h (2.41 g, 7.79 mmol) in acetonitrile (72 mL) yielded 830 mg (54%) 
of the product. Mp 212 °C; Rf=0.54 (40% EtOAc/Petroleum ether); 1H-NMR (300 MHz, 
CDCl3) δ ppm 1.57-1.69 (m, 2H, C-CH2-C), 1.75-1.83 (m, 2H, C-CH2-C), 1.86-1.93 (m, 2H, 
C-CH2-C), 2.16-2.25 (m, 2H, C-CH2-C), 3.44 (d, J=2.5 Hz, 2H, ArCH2Ar), 3.48 (d, J=2.5 Hz, 
2H, ArCH2Ar), 3.82 (t, J=7.2 Hz, 2H, C-CH2N), 4.17 (t, J=6.9 Hz, 2H, OCH2-C), 4.28 (d, 
J=13.3 Hz, 2H, ArCH2Ar), 4.36 (d, J=13.3 Hz, 2H, ArCH2Ar), 6.69 (t, J=7.5 Hz, 3H, ArH), 
6.87 (t, J=7.5 Hz, 1H, ArH), 7.01 (d, J=7.5 Hz, 2H, ArH), 7.03-7.07 (m, 4H, ArH), 7.09 (d, 
J=7.5 Hz, 2H, ArH), 7.58-7.61 (m, 2H, phthalimide ArH), 7.78-7.81 (m, 2H, phthalimide ArH), 
9.40 (s, 2H, ArOH), 9.71 (s, 1H, ArOH) (Ethyl acetate signal was not removed even after 
heating the product under vacuum at 100 °C). 13C-NMR (300 MHz, CDCl3) δ ppm 25.7            
(C-CH2-C), 26.8 (C-CH2-C), 28.8 (C-CH2-C), 29.8 (C-CH2-C), 31.5 (2 × ArCH2Ar), 32.0 (2 × 
ArCH2Ar), 38.0 (C-CH2N), 77.2 (OCH2-C), 121.0 (Ar), 122.0 (Ar), 123.2 (Ar), 126.2 (Ar), 
128.5 (Ar), 128.8 (Ar), 128.9 (Ar), 129.4 (Ar), 132.2 (Ar), 133.8 (Ar), 134.3 (Ar), 149.3 
(CArO), 150.9 (2 × CArO), 151.5 (CArOC), 168.6 (2 × C=O).   
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FT-IR (ATR) cm–1: 3322 (b, O-H stretch), 2938 (m, Aliphatic C-H stretch), 1705 (s, C=O 
stretch), 1465 (m, Aliphatic C-H bend), 1395 (m, Aliphatic C-H bend), 1263 (m, C-O stretch),                       
754 (m, C–H oop bend), 718 (m, C–H oop bend). 
HRMS-TOF MS ESI-: m/z [M–H]+ calculated for C42H38NO6 652.2699 Da; found:        
652.2722 Da. 
2.10.5.3 Synthesis of aminocalix[4]arenes 
As mentioned earlier, Gabrial synthesis was done efficiently by hydrazine monohydrate.  
2.10.5.3.1 General procedure for the synthesis of aminocalix[4]arenes 
The alkylated p-t-butyl-calix[4]arene was dissolved in a solution of EtOH/THF (volume ratio: 
1:1). To this solution, was added hydrazine monohydrate (10.0 equiv. per every phthalimide 
group) and the solution was heated under reflux for 5 hours under argon. After several minutes, 
a white solid started crashing out of the solution (phthalhydrazide salt) which marks the 
beginning of the phthalimide deprotection. After that, the reaction was cooled down and 
acidified with 4 M HCl until 1<pH<2 and the liquor was filtered through a sintered funnel 
while the filter was washed with EtOH and EtOAc. The bottom liquor was this time basified 
with 2 M NaOH until 9<pH<10 and the product was re-extracted with DCM (5×50 mL) using 
a separation funnel. The organic phase was removed under the reduced pressure and the crude 
was pure enough to be used for the subsequent reactions.  
5,11,17,23-Tetra-t-butyl-25-mono-(2-aminoethoxy)-26,27,28-trihydroxy-calix[4]arene – 
10e 
Following the general procedure, 5,11,17,23-tetra-t-butyl-25-mono-
phthalimideethoxy-26,27,28-trihydroxy-calix[4]arene 5e (340 mg, 
0.570 mmol) and hydrazine monohydrate (0.290 mL, 5.70 mmol) were 
placed in EtOH/THF (5.7 mL/5.7 mL). A white foam-like solid          
(310 mg, 78%) was collected. Mp 201 °C DEC; Rf=0.59 (7% 
MeOH/DCM); 1H-NMR (300 MHz, CDCl3) δ ppm 1.27 (s, 9H, C(CH3)3), 1.29 (s, 18H, 
C(CH3)3), 1.31 (s, 9H, C(CH3)3), 3.44-3.58 (m, 6H, ArCH2Ar and C-CH2N), 4.27 (t, J=4.6 Hz, 
2H, OCH2-C), 4.34 (d, J=13.4 Hz, 2H, ArCH2Ar), 4.43 (d, J=13.4 Hz, 2H, ArCH2Ar), 7.06 (d, 
J=2.3 Hz, 2H, ArH), 7.13 (s, 2H, ArH), 7.14 (d, J=2.3 Hz, 2H, ArH), 7.17 (s, 2H, ArH) (Ethyl 
acetate signal was not removed even after heating the product under vacuum at 100 °C).             
13C-NMR (75 MHz, CDCl3) δ ppm 31.1, 31.4, 32.1, 33.0, 33.8, 33.9, 34.1, 42.0 (C-CH2N), 
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76.5, 78.4, 125.7 (Ar), 126.4 (Ar), 127.4 (Ar), 127.9 (Ar), 128.2 (Ar), 133.4 (Ar), 143.2 (Ar), 
143.5 (Ar), 147.6 (Ar), 148.2 (Ar), 148.3 (Ar), 148.7 (Ar). 
FT-IR (ATR) cm–1: 3221 (b, O-H stretch), 2952 (s, Aliphatic C-H stretch), 1678 (m, Aromatic      
C-H bend ), 1599 (m, N-H bend), 1482 (s, Aliphatic C-H bend), 1361 (m, Aliphatic C-H bend), 
1300 (m, C-N stretch), 1201 (s, C-O stretch), 870 (m, C–H oop bend), 782 (m, C–H oop bend). 




Following the general procedure, 5,11,17,23-tetra-t-butyl-25-mono-
phthalimidebutoxy-26,27,28-trihydroxy-calix[4]arene 5b (770 mg, 
0.850 mmol) and hydrazine monohydrate (0.440 mL, 8.50 mmol) were 
placed in EtOH/THF (8.5 mL/8.5 mL). A white foam-like solid         
(500 mg, 81%) was collected.  
Mp 238 °C DEC; Rf=0.50 (7% MeOH/DCM); 1H-NMR (300 MHz, CDCl3) δ ppm 1.17 (s, 9H, 
C(CH3)3), 1.22 (s, 27H, C(CH3)3), 1.84-1.94 (m, 2H, C-CH2-C), 2.14-2.23 (m, 2H, C-CH2-C), 
2.99 (br. s, 2H, C-CH2N), 3.39 (d, J=5.9 Hz, 2H, ArCH2Ar), 3.44 (d, J=5.9 Hz, 2H, ArCH2Ar), 
4.11 (t, J=6.8 Hz, 2H, OCH2-C), 4.27 (d, J=13.2 Hz, 2H, ArCH2Ar), 4.34 (d, J=13.2 Hz, 2H, 
ArCH2Ar), 6.80 (br. s, 5H, ArOH and C-NH2), 6.99 (d, J=2.1 Hz, 2H, ArH), 7.04 (s, 2H, ArH),                               
7.06 (d, J=2.1 Hz, 4H, ArH), 7.07 (s, 2H, ArH). 13C-NMR (75 MHz, CDCl3) δ ppm                           
20.1, 27.2, 29.8, 31.3, 31.5, 31.6, 31.7, 32.3, 32.8, 33.3, 34.0, 34.1, 34.2, 34.3, 40.9,                    
77.4 (OCH2-C), 125.8 (Ar), 125.9 (Ar), 126.1 (Ar), 126.5 (Ar), 127.8 (Ar), 127.9 (Ar), 128.4 
(Ar), 128.6 (Ar), 133.4 (Ar), 143.2 (Ar),  143.4 (Ar), 144.5 (Ar), 146.8 (Ar), 148.1 (Ar), 148.4 
(Ar),  148.7 (Ar), 149.5 (Ar).    
FT-IR (ATR) cm–1: 2915 (s, Aliphatic C-H stretch), 2848 (s, Aliphatic C-H stretch), 1573 (m,        
N-H bend), 1405 (s, Aliphatic C-H bend), 1296 (m, C-N stretch), 1201 (m, C-O stretch), 922 
(m, C–H oop bend), 791 (m, C–H oop bend). 
HRMS-TOF MS ESI+: m/z [M+H]+ calculated for C48H66NO4 720.4992 Da; found:       
720.4979 Da. 
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Following the general procedure, 5,11,17,23-tetra-t-butyl-25-mono-
phthalimidehexoxy-26,27,28-trihydroxy-calix[4]arene 5h (820 mg, 
0.930 mmol) and hydrazine monohydrate (0.460 mL, 9.30 mmol) were 
placed in EtOH/THF (9.3 mL/9.3 mL). A white foam-like solid          
(700 mg, 86%) was collected. Mp 232 °C DEC; Rf= 0.37 (7% 
MeOH/DCM); 1H-NMR (300 MHz, CDCl3) δ ppm 1.23 (s, 9H, C(CH3)3), 1.25 (s, 18H, 
C(CH3)3), 1.26 (s, 9H, C(CH3)3), 1.55-1.65 (m, 2H, C-CH2-C), 1.68-1.78 (m, 2H, C-CH2-C), 
1.81-1.92 (m, 2H, C-CH2-C), 2.13-2.23 (m, 2H, C-CH2-C), 3.04 (br. s, 2H, C-CH2N), 3.43 (d, 
J=4.5 Hz, 2H, ArCH2Ar), 3.47 (d, J=4.5 Hz, 2H, ArCH2Ar), 4.15 (t, J=6.6 Hz, 2H, OCH2-C), 
4.31 (d, J=13.5 Hz, 2H, ArCH2Ar), 4.37 (d, J=13.5 Hz, 2H, ArCH2Ar), 7.02 (d, J=2.3 Hz, 2H, 
ArH), 7.09 (s, 4H, ArH), 7.12 (d, J=2.3 Hz, 2H, ArH), 8.17 (br. s, 5H, ArOH and C-NH2).    
13C-NMR (75 MHz, CDCl3) δ ppm 25.3 (C-CH2-C), 26.3 (C-CH2-C), 28.6, 29.6, 31.2, 31.4, 
32.1, 33.0, 33.8, 33.9, 34.1, 40.1 (C-CH2N), 76.5 (OCH2-C), 125.6 (Ar), 126.3 (Ar), 127.6 (Ar), 
128.1 (Ar), 128.2 (Ar), 133.4 (Ar), 143.0 (Ar), 143.5 (Ar), 147.7 (Ar), 148.0 (Ar), 148.3 (Ar), 
149.2 (Ar).   
FT-IR (ATR) cm–1: 3159 (b, O-H stretch), 2953 (s, Aliphatic C-H stretch), 1600 (m, N-H bend), 
1482 (s, Aliphatic C-H bend), 1362 (m, Aliphatic C-H bend), 1298 (m, C-N stretch), 1201 (s,         
C-O stretch), 872 (m, C–H oop bend), 738 (m, C–H oop bend). 
HRMS-TOF MS ESI+: m/z [M+H]+ calculated for C50H70NO4 748.5305 Da; found:       
748.5308 Da. 
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Chapter 3. Synthesis of calix[4]arene-grafted PSMAs 
3.1 Chapter overview 
In this chapter, the synthesis and characterization methods for the calix[4]arene-grafted PSMAs 
using the calix[4]arene-tethered amines (synthesized in chapter 2) will be discussed. In the 
synthetic sections, the main focus will be on the effect of solvent choice (DMF or glacial acetic 
acid) and the reaction temperature (room temperature, reflux or 150 °C) on the nature of the 
final products. In the characterization sections, the main area of concern will be the proof of 
the formation of the characteristic functional groups like the maleamic acid or maleimide 
(through FT-IR and NMR spectroscopies) and also proof for the attachment of calix[4]arene 
onto PSMA to form the grafted polymer (using UV-Vis spectroscopy, SEC and DSC). In 
addition, the degree of functionalization for PSMA for different spacers (ethyl, butyl, and 
hexyl) of the graft polymers, together with their solubility in different solvents, will be 
determined. This study will enable us to suggest an appropriate calix[4]arene-tethered scaffold 
for our further studies in the following chapters. For further clarification, several examples will 
also be provided in detail.  
3.2 Formation of maleimide functionality on the PSMA backbone using 
aminocalix[4]arene as the pendant group 
It is known that the ring-opening reaction for PSMA can be done with ease, even at room 
temperature in solvents like DMF,1 acetone2 or methyl ethyl ketone,3 and so forth. On the 
contrary, the ring-closing reaction requires much harsher conditions which include high 
reaction temperature (T>100 °C), acidic catalyst, for example, depending on the pendant group 
(here calix[4]arene) (Scheme 3.1).4-9  
 
Scheme 3.1 General depiction of maleic anhydride modification first into maleamic acid and finally into 
maleimide (R: calix[4]arene alongside its tether, q: number of reacted maleic anhydride units ) 
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It is, therefore, essential to discover a method through which the maleimide forms after the 
initial ring-opening stage on the maleic anhydride functionality. In order to do so, some studies 
were done regarding the different conditions for both ring-opening and ring-closing reactions 
on PSMA with primary amines through investigation of the literature. First of all, due to the 
good solubility of both aminocalix[4]arene and PSMA in DMF, this solvent was chosen for the 
ring-opening reaction at room temperature (GP.A). Secondly, with regards to the ring-closing 
reaction, different options were considered. One of them was based on using glacial acetic acid 
(as both solvent and catalyst for closing the ring) for the aminocalix[4]arenes which were 
soluble in acetic acid (GP.B). For the acetic acid-insoluble amines, a 2-step process (the ring-
opening in DMF at room temperature, followed by the ring-closing via heating of the acquired 
product from the first step under reflux in acetic acid) was performed (GP.C). The other 
attempted choices were either directly heating the aminocalix[4]arene and PSMA in DMF at 
150 °C (GP.D) or another 2-step reaction (the ring-opening in DMF at room temperature, 
followed by heating the same reaction vessel in DMF at 150 °C with the purpose of ring-
closure) (GP.E). In the experimental section of this chapter, the difference between these 
methods and the acquired products out of them will be discussed, alongside an example for the 
primary amine-tethered calix[4]arene as the pendant group for PSMA. 
3.3 Characterization methods for the graft polymer 
3.3.1 Spectroscopic methods (FT-IR, 1H-NMR, UV-Vis spectroscopies) 
3.3.1.1 ATR-FTIR (attenuated total reflectance Fourier transform infrared) spectroscopy 
All FT-IR spectra were obtained following the protocols explained in chapter 2. In addition, 
the degree of functionalization for PSMA by calix[4]arene was determined as follows: A 
bending frequency is observable at ~700 cm–1 which represents the out of plane mode for C-H 
(styrene groups).6 This signal can be considered as an internal standard since styrene groups 
do not take part in the modification of the maleic anhydride group. The above-mentioned 
internal standard can be used for comparing the data for the starting material and the grafted 
product (the styrene signal possesses the same intensity before and after every reaction). By 
comparing the intensity of the maleic anhydride carbonyl (~1780 cm–1) in the pristine PSMA 
and the same signal for the graft, proves how successfully the reaction has occurred.  The 
decrease in the intensity of that signal, which is due to the formation of a new carbonyl (whether 
it belongs to maleamic acid as a broad signal which rarely shows up after 1700 cm–1 or 
maleimide as a sharp strong stretch between 1695-1735 cm–1), demonstrates the extent that the 
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PSMA has reacted to form the pendant group (the primary-amine tethered calix[4]arene). It is 
also important to know that due to the peak-broadening effect caused by carboxylic acid 
functionality, all vibrational modes between 1700 cm–1 to 1900 cm–1 will be affected. Under 
these circumstances, it is impossible to determine the real intensity of the maleic anhydride 
carbonyl (~1780 cm–1) after the reaction and so too the degree of functionalization for the ring-
opened grafts. The solution to that is to perform a post-functionalization ring-closure reaction 
to get rid of the carboxylic acid functionality and also its effect on the other signals.   
3.3.1.2 NMR (nuclear magnetic resonance) spectroscopy 
The 1H-NMR spectra were acquired by the protocols mentioned in chapter 2. Considering the 
solubility of the grafts, deuterated chloroform (CDCl3) and deuterated dimethyl sulfoxide 
(DMSO-d6) were chosen as solvents for analysis of the products. The deuterated solvents 
included tetramethylsilane (TMS) as the internal standard (δ=0 ppm) from which all chemical 
shift values were measured in ppm downfield (see Figure 3.1 as an example). 
 
Figure 3.1 An example of NMR spectrum (in CDCl3) before and after functionalization of PSMA 30% 11.           
A: NMR spectrum for pristine PSMA 30% 11, B: NMR spectrum for PSMA graft with an aminocalix[4]arene 
(10b)t 
 
t q: Number of reacted maleic anhydride units. 
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The appearance of the calix[4]arene characteristic signals in the NMR spectrum (most 
importantly the methylene bridges) is indicative of the successful grafting of the PSMA by the 
calix[4]arene. Generally, two methylene bridges are observed as two broad peaks between 3.00 
and 4.50 ppm. In addition, one or two phenolic signals for the calix[4]arene moiety of the graft 
are observable between 8.00 to 10.00 ppm.  
3.3.1.3 UV-Vis (ultraviolet-visible) spectroscopy 
All UV-Vis spectra were recorded using a Specord 210 Plus instrument from Analytic Jena 
AG and were recorded between 190 nm and 900 nm. The data was collected using WinAspect 
Plus software. In order to perform the experiment, it is necessary to make a 0.1 mg/mL solution 
of the graft in THF. 
For the most part, a new absorption band between 280 nm to 290 nm can be seen for the graft 
which is an indication of the successful reaction between PSMA and the calix[4]arene.  
3.3.2 Thermal studies (DSC) 
Differential scanning calorimetry (DSC) thermograms were recorded using a Q100 TA in 
nitrogen gas (with a flow of 50 mL.min–1) at a heating rate of 20 °C.min–1. The samples were 
first heated in the temperature range 0-180 °C for the first heating cycle, followed by a cooling 
cycle. Finally, the thermograms were recorded in the range 0-250 °C as the second heating 
cycle for the investigation of the thermal behavior of grafts.  
Since PSMA and its derivatives are amorphous polymers,10-12 there is no crystalline melt peak 
observed. DSC was used to determine if the calix[4]arene had an influence on Tg values for 
graft polymers. In this series of experiments, for the most part, an increase on the value of Tg 
was observed, which can be allocated to the presence of a bulky pendant group on the polymer 
backbone.  
3.3.3 Size exclusion chromatography (SEC) or gel permeation chromatography (GPC) 
Size exclusion analysis was performed using an Agilent 1260 HPLC system comprised of:   
▪ Agilent 1260 diode array UV detector. 
▪ Agilent 1260 quaternary pump. 
▪ Agilent 1260 differential refractometer (at 40 °C). 
▪ Agilent 1260 auto sampler. 
▪ Agilent 1260 thermostated column compartment (also at 40 °C).  
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Column set-up was done employing PSS 10µm GRAM columns consisting of one guard 
column and three analytical columns (2x3000 Å and 1x100 Å). The eluent system was based 
on DMF (HPLC grade with 0.05M LiBr) at a flow rate of 0.8 mL/min, while the sample 
concentration was set at 2.0 mg/mL. The calibration was carried out using narrow PMMA 
calibration standards possessing a molecular weight range of 800-2 200 000 g/mol. All molar 
mass data was reported as being relative to these linear PMMA standards.u  
According to the results received from UV-Vis spectra, it was known that a range of                         
280 nm to 290 nm had to be used as the wavelength for the SEC experiment. In all cases, there 
were some differences in the appearance of our SEC graphs compared to the same graph for 
the pristine PSMA which is indicative of PSMA modification. More importantly, the grafts 
relatively possessed much stronger UV signals which proves the existence of a strong 
chromophore due to the calix[4]arene graft. 
3.4 Experimental section  
In this section, the modification of PSMA with the primary amine-tethered calix[4]arenes will 
be discussed, using an example in conjunction with the full spectral analysis of the produced 
grafts.  
3.4.1 General procedure for the modification of PSMA with an aminocalix[4]arene 
PSMA (30% maleic anhydride) 11 was supplied as pellets from Polyscope Xiran (Grade: 
SZ26180),v while all aminocalix[4]arenes were synthesized and purified according to the 
approaches explained in chapter 2 of this dissertation. 
3.4.1.1 General procedure for the attachment in DMF (room temperature) (GP.A) 
Alkyl amine-tethered calix[4]arene and PSMA (30% maleic anhydride) 11 (weight ratio: 2 to 
1) were placed in a sealed vial containing DMF and stirred at room temperature for 24 h. Water 
 
u In the last chapter of this dissertation, this technique will also be used to determine Mn (number average molar 
mass), Mw (weight average molar mass) and Ɖ (dispersity) of the synthesized poly(styrene-alt-maleic anhydride). 
v Its molar mass data are as follows: Mn = 132 310 g.mol–1, Mw = 199 160 g.mol–1, Ɖ = 1.50. 
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was added to the reaction and the resulting solid was filtered through a Büchner funnel. The 
remaining solid was triturated with acetonitrile.w  The final graft was dried under vacuum.  
3.4.1.2 General procedure for the attachment in glacial acetic acid (reflux) (GP.B)  
Alkyl amine-tethered calix[4]arene and PSMA (30% maleic anhydride) 11 (weight ratio: 4 to 
1) were placed in a sealed vial containing glacial acetic acid and heated under reflux for 24 h. 
The reaction was cooled down and water was added. The solid floating in the solution was 
filtered through a Büchner funnel, triturated with acetonitrile and dried under vacuum.  
3.4.1.3 General procedure for the attachment in DMF-glacial acetic acid (2-step reaction) 
(GP.C) 
The calix[4]arene-grafted PSMA synthesized in section 3.4.1.1 (GP.A) was placed in a sealed 
vial with glacial acetic acid and heated under reflux for 24 h. After removing from the heat 
source, the contents of the vial were transferred into a small round-bottom flask and the solvent 
was removed under reduced pressure with the help of toluene as the azeotrope. This crude was 
filtered using a Büchner funnel and the resulting solid was dried under vacuum.    
3.4.1.4 General procedure for the attachment in DMF (150 °C) (GP.D) 
Alkyl amine-tethered calix[4]arene and PSMA (30% maleic anhydride) 11 (weight ratio: 2 to 
1) were placed in a sealed vial containing DMF and heated at 150 °C for 24 h. The vial was 
removed from the heat and water was added to the reaction and the resulting solid was filtered 
using a Büchner funnel. The remaining solid was triturated with acetonitrile. The final graft 
was dried under vacuum. 
3.4.1.5 General procedure for the attachment in DMF (2-step reaction) (GP.E) 
Alkyl amine-tethered calix[4]arene and PSMA (30% maleic anhydride) 11 (weight ratio: 2 to 
1) were placed in a sealed vial containing DMF and stirred at room temperature for 24 h and 
then heated at 150 °C for another 24 h. The vial was removed from the heat and water was 
added to the reaction and the resulting solid was collected using a Büchner funnel. The 
remaining solid was triturated with acetonitrile. The final graft was dried under vacuum. 
 
w Trituration with acetonitrile was done in order to remove the unreacted calix[4]arene from the graft since 
practically it was found to be the best solvent for the unreacted calix[4]arene. However, it also dissolved some of 
our graft resulting in considerable loss of product. 
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3.4.2 p-t-Butylated calix[4]arene-grafted PSMAs 
These grafts were synthesized from primary amine-tethered calix[4]arenes. Solvent choice was 
a very challenging aspect of this study. From the literature point of view, DMF is one of the 
best solvents for PSMA reactions,1,6,8,9,13 but in terms of maleimide formation, glacial acetic 
acid is an extremely good choice (particularly due to its catalytic effect on the ring closing).4,5 
Unfortunately, due to the insolubility of most of our amines in glacial acetic acid, only a few 
of them were capable of maleimide formation on PSMA in acetic acid in just one step. For this 
reason, after the attachment onto PSMA in DMF at room temperature, for the rest of these 
amines, a post-functionalization reaction was carried out with heating separately in DMF and 
acetic acid. An example is given below for which all the above-mentioned approaches were 
used to make a calix[4]arene-grafted PSMA (Figure 3.2). 
 
Figure 3.2 An example of a primary amine-tethered calix[4]arene (10b) used for the synthesis of  t-butylated 
calix[4]arene-grafted PSMAs  
3.4.2.1 p-t-Butylated calix[4]arene-grafted PSMA synthesis from p-t-butyl-calix[4]arene-
monobutylamine (10b)  
3.4.2.1.1 Reaction in DMF (room temperature) approach 
Following GP.A, 10b (220 mg, 0.300 mmol) and PSMA (30% maleic anhydride) 11 (110 mg) 





x As a rule, in this thesis, the left-hand side letter refers to the general procedure type (usually A or C) while its 
subscript determines the percentage maleic anhydride content of the polymer (30 or 50). The right-hand side letter 
specifies the amine with which the graft is synthesized. For example, here, A stands for general procedure A, 30 
for PSMA 30%, and 10b for p-t-butyl-calix[4]arene-monobutylamine (10b). 
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3.4.2.1.2 Reaction in glacial acetic acid (reflux) approach 
Following GP.B, 10b (320 mg, 0.450 mmol) and PSMA (30% maleic anhydride) 11 (80.0 mg) 
were mixed in glacial acetic acid (5.5 mL). The product was obtained as a pale brown rubber-
like solid B30-10b (100 mg). 
3.4.2.1.3 2-step reaction in DMF (room temperature) then in glacial acetic acid (reflux) 
approach 
 Following GP.C, A30-10b (50.0 mg) was placed in glacial acetic acid (5 mL). The product was 
obtained as a brown powder C30-10b (50.0 mg). 
3.4.2.1.4 Reaction in DMF (150 °C) approach 
Following GP.D, 10b (230 mg, 0.320 mmol) and PSMA (30% maleic anhydride) 11 (115 mg) 
were mixed in DMF (6 mL). The product was obtained as a brown powder D30-10b (120 mg). 
3.4.2.1.5 2-step reaction in DMF (room temperature to 150 °C) approach 
Following GP.E, 10b (180 mg, 0.250 mmol) and PSMA (30% maleic anhydride) 11 (90.0 mg) 
were mixed in DMF (5 mL). The product was obtained as a dark brown powder E30-10b         
(100 mg). 
3.4.3 Characterization of a series of p-t-butylated calix[4]arene-grafted PSMAs  
The analytical techniques explained in section 3.3 were used for the characterization of all 
synthesized grafts. For the above-mentioned calix[4]arene, below the characterization methods 
will be provided in a detailed manner. 
3.4.3.1 ATR-FTIR spectroscopy 
All the grafts infrared data were compared to the ones of the pristine PSMA (11 in Figure 
3.3a), the graft made in DMF (room temperature) A30-10b showed the weakening of the 
symmetric anhydride stretch at 1780 cm–1 (maleic anhydride), the increase of a very weak 
smooth signal at 1730 cm–1 (maleamic acid) indicating the ring-opening (Figure 3.3b). There 
was also a new carbonyl stretch at 1675 cm–1 for the reaction solvent (DMF). For the graft 
made in glacial acetic acid (reflux) B30-10b, the symmetric anhydride stretch at 1778 cm
–1 
(maleic anhydride) was significantly decreased (compared to the pristine PSMA IR) and a new 
carbonyl signal at 1701 cm–1 (maleimide) appeared which indicates the ring-closing (Figure 
3.3c). The graft synthesized in 2 steps (at room temperature in DMF and then under reflux 
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conditions in glacial acetic acid) C30-10b, also exhibited suppression of the symmetric 
anhydride stretch at 1776 cm–1 (maleic anhydride) and an emerging carbonyl signal at            
1707 cm–1 (maleimide) suggesting the ring-closing (Figure 3.3d). The graft made in DMF   
(150 °C) D30-10b also showed the disappearance of the carbonyl group at 1773 cm
–1 (maleic 
anhydride) as a sign of the ring-opening, while the reaction solvent (DMF) peak was seen at 
1677 cm–1. In spite of that, there was no new signal proving the existence of a maleimide group 
(Figure 3.3e). Likewise, for the other graft synthesized in 2 steps (at room temperature in DMF 
and then at 150 °C in the same solvent) E30-10b carbonyl group at 1780 cm
–1 (maleic anhydride) 
did not vanish but its intensity decreased, while the solvent (DMF) residual peak was 
observable at 1677 cm–1 (Figure 3.3f). Overall this set of data also demonstrated that the maleic 
anhydride group only opened and was not re-closed in the last two samples. 
 
Figure 3.3 ATR-FTIR results under different reaction conditions for p-t-butylated calix[4]arene-grafted PSMAs 
produced (Transmittance values were normalized to styrene bend at 700 cm–1, a.u: arbitrary unit)  
3.4.3.2 Degree of functionalization 
Using the general method explained above (FT-IR approach), the degree of functionalization 





75 | P a g e  
 
Table 3.1 Degree of functionalization for several p-t-butylated calix[4]arene-grafted PSMAs based on  FT-IR 
spectroscopy speculation 
Entry Compound name Degree of 
functionalization (%) 
1 A30-10b NAy 
2 B30-10b 78 
3 C30-10b 32 
4 D30-10b NA 
5 E30-10b NA 
To corroborate the values obtained by this approach, as an example, the 1H-NMR spectrum of 
the graft B30-10b was looked at again. Figure 3.1B showed the methylene bridges of the 
pendant group (calix[4]arene) respectively at 3.50 and 4.25 ppm, each possessing 4 protons. 
The aromatic region (6.00-8.50 ppm) showed 23 aromatic protons for the styrene units and the 
calix[4]arene groups together. Having 8 methylene bridge protons means having 8 aromatic 
protons for the calix[4]arene. Thus, this number was subtracted from 23 to give the number of 
aromatic protons of styrene which was 15. Each styrene unit possesses 5 aromatic protons, 
therefore, dividing 15 by 5 gave us the relative number of styrene units in the polymeric chain 
which was 3. Relatively, PSMA 30% has 7 styrene units and 3 maleic anhydride units. Thus, 
when it had 3 styrene units, logically the total number of maleic anhydride units (reacted and 
unreacted units together) had to be 1.28. Since our hypothesis was based on having only 1 
calix[4]arene unit, so dividing that number by 1.28 finally gave us the degree of PSMA 
modification by our aminocalix[4]arene 10b (78%). Repeating the same value, this time by the 
1H-NMR spectroscopy, corroborated the accuracy of the FT-IR spectroscopy speculation.z  
3.4.3.3 NMR spectroscopy 
The 1H-NMR spectral results were as follows: 
3.4.3.3.1 Reaction in DMF (room temperature) approach – A30-10b 1H-NMR spectrum 
1H-NMR (300 MHz, CDCl3) δ ppm 1.25 (calix[4]arene tertiary butyl groups), 1.50-2.50 
(aliphatic protons for calix[4]arene and PSMA), 2.88 (DMF), 2.96 (DMF), 3.50 (calix[4]arene 
methylene bridge), 4.25 (calix[4]arene methylene bridge), 6.00-7.50 (aromatic protons for 
 
y Not assigned, due to the fact that the degree of functionalization can only be determined for the ring-closed 
grafts.  
z As was the case for FT-IR spectroscopy, this approach could not be applied to the ring-opened grafts. Since 
those grafts underwent massive peak-broadening (due to possessing carboxylic acid groups), it was not possible 
to read the integration of the peaks accurately. In addition, to the ring-closed grafts, which lacked solubility in 
NMR spectroscopy solvents, this approach was not applicable either and FT-IR spectroscopy was the only tool to 
determine their degree of functionalization.  
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styrene and calix[4]arene), 8.02 (DMF), 9.70 (calix[4]arene phenolic proton), 10.20 
(calix[4]arene phenolic proton). 
3.4.3.3.2 Reaction in glacial acetic acid (reflux) approach – B30-10b 1H-NMR spectrum 
1H-NMR (300 MHz, CDCl3) δ ppm 1.25 (calix[4]arene tertiary butyl groups), 1.40-2.00 
(aliphatic protons for calix[4]arene and PSMA), 2.20 (acetic acid), 3.50 (calix[4]arene 
methylene bridge), 4.25 (calix[4]arene methylene bridge), 6.00-8.50 (aromatic protons for 
styrene and calix[4]arene), 9.50 (calix[4]arene phenolic proton), 10.10 (calix[4]arene phenolic 
proton), 10.40 (acetic acid). 
3.4.3.3.3 2-step reaction in DMF (room temperature) then in glacial acetic acid (reflux) 
approach – C30-10b 1H-NMR spectrum 
 1H-NMR (300 MHz, DMSO-d6) δ ppm 1.19 (calix[4]arene tertiary butyl groups), 1.66-2.13 
(aliphatic protons for calix[4]arene and PSMA), 4.05 (calix[4]arene methylene bridge), 4.27 
(calix[4]arene methylene bridge), 6.73-7.62 (aromatic protons for styrene and calix[4]arene), 
8.02 (DMF). 
3.4.3.3.4 Reaction in DMF (150 °C) approach – D30-10b 1H-NMR spectrum 
 1H-NMR (300 MHz, CDCl3) δ ppm 1.25 (calix[4]arene tertiary butyl groups), 1.50-2.50 
(aliphatic protons for calix[4]arene and PSMA), 2.88 (DMF), 2.96 (DMF), 3.50 (calix[4]arene 
methylene bridge), 4.25 (calix[4]arene methylene bridge), 6.00-7.50 (aromatic protons for 
styrene and calix[4]arene), 8.02 (DMF). 
3.4.3.3.5 2-step reaction in DMF (room temperature to 150 °C) approach – E30-10b            
1H-NMR spectrum 
1H-NMR (300 MHz, CDCl3) δ ppm 1.25 (calix[4]arene tertiary butyl groups), 1.50-2.50 
(aliphatic protons for calix[4]arene and PSMA), 2.88 (DMF), 2.96 (DMF), 3.50 (calix[4]arene 
methylene bridge), 4.25 (calix[4]arene methylene bridge), 6.00-7.50 (aromatic protons for 
styrene and calix[4]arene), 8.02 (DMF), 10.40 (carboxylic acid proton).  
3.4.3.4 UV-Vis spectroscopy 
As stated earlier, the newly-made graft should show a new broad absorption band between    
280 nm to 290 nm in the UV spectrum. This observation was attributed to the attachment of 
calix[4]arene (as a strong chromophore) onto PSMA (a weaker chromophore) (see Figure 3.4). 
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Figure 3.4 UV-Vis results for several p-t-butylated calix[4]arene-grafted PSMAs  
 The calix[4]arene attachment resulted in an increase in the absorption for the modified graft 
compared (Figures 3.4b, 3.4c, 3.4d, 3.4e, 3.4f) to the pristine PSMA (Figure 3.4a). More 
interestingly, this absorption wavelength could be used as a wavelength for the detection of the 
grafts by way of a SEC (GPC) UV-Vis detector. More or less, all of the studied grafts showed 
the same band on their UV-Vis spectra. 
3.4.3.5 SEC (GPC) 
As explained above, the appearance of UV-visible signals between 280 nm to 290 nm added 
proof of the attachment of our desired calix[4]arene to PSMA. As mentioned in the introduction 
part, SEC experiments were carried out using a dual detecting system of RI (refractive index) 
detector and UV-Vis detector (280nm) (see Figure 3.5).  
 
Figure 3.5 SEC results for several p-t-butylated calix[4]arene-grafted PSMAs   
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Comparing the results for the pristine PSMA 11 and the grafts showed that RI detector signal 
almost remained the same (Figures 3.5a, 3.5b, 3.5c, 3.5d), but there was a significant increase 
for the intensity of the UV detector signal corresponding to the RI detector signal (280 nm to 
290 nm) (Figures 3.5b, 3.5c, 3.5d). In addition, in the case of C30-10b, a bimodal distribution 
with a shoulder on the longer elution volume was observed (Figure 3.5d). This observation 
revealed the existence of not one, but two polymer species – one with shorter elution volume 
(larger relative molar mass) and one with longer elution volume (smaller relative molar mass). 
This phenomenon might suggest an incomplete closure of the anhydride units upon heating the 
ring-opened graft in glacial acetic acid under reflux; however, the reason for this possibly 
incomplete conversion was unknown. Obviously, since the different forms of the grafts 
possessed different elution volumes, they exhibited different relative molar masses while 
ejecting the column.aa Moreover, it must be noted that due to the lack of solubility for both 
grafts synthesized in DMF under heating, they were not analyzed by SEC.bb   
3.4.3.6 DSC 
DSC analysis was done on all the graft copolymers. The grafts made in DMF (room 
temperature) A30-10b, in glacial acetic acid (reflux) B30-10b  and in 2 steps (room temperature 
then reflux) in DMF/glacial acetic acid  C30-10b  all showed an increase in the Tg which means 
that the addition of calix[4]arene and its interactions with PSMA backbone groups restricts the 
overall movement of the chains. The change in heat capacity (∆CP) on the contrary decreased 
compared to the one for pristine PSMA during the transition. The grafts made in DMF (150 °C 
D30-10b and room temperature then 150 °C E30-10b) on the other hand, displayed no easily 
identifiable glass transition. This may be the result of a very weak Tg making it very difficult 
to detect. Lack of an observable Tg, in this case, cannot be due to the crosslinking issue,14 
 
aa Logically, having more COOH groups (the anhydride open form) contributes to stronger polymer-column 
interactions resulting in longer elution volume and smaller relative molar mass.  
bb This insolubility could be due to the nature of the crude materials. The crude materials in this case (grafts           
D30-10b and E30-10b), could be partially ring-closed grafts which did not possess the solubility behavior of either 
of ring-opened (A30-10b) or ring-closed (B30-10b and C30-10b) grafts. However, since the FT-IR spectra did not 
show any sign of ring-closure for these grafts, it could imply that relatively the ratio of the opened rings to the 
closed rings was drastically in favor of the opened rings. As a result, the signals corresponding to the closed rings 
in the carbonyl region of FT-IR spectroscopy were cloaked (by the massively broad baseline of the opened rings) 
and not observed.   
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because the mono-functionalized aminocalix[4]arene is simply not capable of causing 
crosslinkingcc (see Table 3.2 for DSC data and the appendix section for the thermograms). 
Table 3.2 DSC results for several p-t-butylated calix[4]arene-grafted PSMAs 
Entry Compound name Tg (°C) Height (W.g–1) ∆CP (J.g–1.°C–1) 
1 11 159.82 0.07628 0.2289 
2 A30-10b 186.20 0.04234 0.1273 
3 B30-10b 178.55 0.05891 0.1773 
4 C30-10b 167.48 0.02727 0.08125 
5 D30-10b - - - 
6 E30-10b - - - 
3.4.3.7 Final analysis 
In accordance with the experimental data received, it can be said that: with respect to graft 
made in DMF (room temperature) A30-10b, the desired product in the form of a ring-opened 
compound (maleamic acid) was made. Regarding the graft made in glacial acetic acid (reflux) 
B30-10b, the desired product in the form of a ring-closed compound (maleimide) was 
successfully synthesized. The graft produced as a result a 2-step reaction (in DMF first at room 
temperature and then in glacial acetic acid under reflux conditions) C30-10b, also exhibited the 
existence of a ring-closed compound (maleimide), despite its lower degree of modification 
compared to the previous approach. Nonetheless, the same graft also showed the presence of a 
low-molar mass compound (most likely an indication of the incomplete closure of the ring-
opened polymer). On the other hand, the graft made in DMF (150 °C) D30-10b was not 
favorable and it only showed the existence of maleamic acid functionality (the ring-opened 
product). The graft made in 2 steps (in DMF first at room temperature and then at 150 °C)    
E30-10b was not a ring-closed product either, but remained as the ring-opened product. With 
regards to the solubility status of the grafts, both grafts synthesized in DMF with heating      
(D30-10b and E30-10b) showed poor solubility. 
3.5 Concluding remarks 
Overall, after all the experiments performed regarding the modification of PSMA, it is now 
known that the functionalization of PSMA with primary amine-tethered calix[4]arene could be 
done conveniently at room temperature (with no need for any catalyst, etc.) in DMF with an 
appropriate degree of functionalization. The product, in this case, possessed a maleamic acid 
functionality. Conversely, the functionalization, followed by the ring-closure for PSMA in case 
of using an aminocalix[4]arene almost always requires very harsh conditions. Four attempted 
 
cc It can only be the case for multifunctional amines. The concept of crosslinking will be discussed in detail in the 
last chapter of this thesis.  
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conditions were used, respectively: The reaction in DMF at 150 °C, the 2-step reaction in DMF 
(first at room temperature and then at 150 °C), the reaction in glacial acetic acid (reflux) and 
finally the 2-step reaction first in DMF (the attachment) followed by heating under reflux in 
glacial acetic acid (ring closure). The first two options were proven to be efficient in terms of 
attachment, but inefficient in terms of ring-closing, while the other two showed promising 
results in terms of both matters of attachment and ring-closing (the 2-step reaction in 
DMF/glacial acetic acid; however, apparently contributed to the formation of a low molar mass 
intermediate as well). Nevertheless, unfortunately, the one-pot reaction in acetic acid was only 
a viable option for the butylamine-tethered calix[4]arene 10b, due to the poor solubility of other 
aminocalix[4]arenes in glacial acetic acid. Knowing that, the ring-closed grafts for the rest of 
our aminocalix[4]arenes were prepared using the 2-step reaction in DMF/glacial acetic acid. 
Also considering the degree of functionalization for all grafts made in this chapter, it was 
understood that in total the grafts with butyl spacers possessed the best modification rate (Table 
3.3).dd  
Table 3.3 The effect of tether length on the degree of modification (based on FT-IR spectroscopy speculation) 
for p-t-butylated calix[4]arene-grafted PSMAs 
Entry Compound name Spacer type Degree of 
functionalization (%) 
1 C30-10e Ethyl 21 
2 B30-10b Butyl 78 
3 C30-10b Butyl 32 
4 C30-10h Hexyl 20 
Overall, for future studies in this dissertation (especially the ones focused on the applications 
of calix[4]arene in the aqueous media), it is highly recommended to use a functionalized 
calix[4]arene-tethered amine with a butyl spacer. 
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Chapter 4. A strategy toward synthesizing a calix[4]arene 
colorimetric sensor with PSMA for mercury detection 
4.1 Chapter overview 
In this chapter, the design and synthesis of a potential colorimetric sensor capable of detecting 
mercury were pursued. For this purpose, a modified azacalix[4]arene, known for its ability to 
detect mercury cations,  was targeted to be synthesized and then grafted onto PSMA. However, 
in practice, the main strategy and the alternative approaches to making the targeted calixarene 
for attachment onto PSMA failed. Nevertheless, before discussing the synthetic strategies of 
this chapter, a brief introduction focusing on mercury, its importantly biological effects, and 
its sensing techniques will be presented.   
4.2 Mercury: Occurrence, emission sources, and biological effects 
Due to the industrialization phenomenon, the concentration of hazardous heavy metals has 
significantly increased in the environment, risking our health and also other living organisms 
vital for our preservation.1,2 Amongst them is mercury as a d-block element (group 12, period 
6) of the periodic table which is highly useful for production of measuring instruments (e.g. 
thermometers, manometers, etc.), electrical switches, batteries, fluorescent light sources, 
detonators, antiseptics, and even dental fillings.3,4,5 
Naturally, mercury is found in two oxidation states which are mercury (I) and mercury (II). 
Mercury (I) or mercurous mercury is the least naturally abundant form of mercury and probably 
the most important example of that is mercury(I) chloride (Hg2Cl2) also known as calomel 
which is widely in use in electrochemical studies (as calomel electrode).6,7 Mercury (II) or 
mercuric mercury is the most naturally abundant form of mercury whose most famous mineral 
is mercury(II) sulfide (HgS) best-known as cinnabar (or cinnabarite). Cinnabar is the amplest 
mineral source of mercury on the planet earth useable for refining mercury (the element), and 
also production of mercury-based pigments.8,9 Mercury (II) can also be seen in organic forms 
such as methylmercury(II) cation (CH3Hg+ as the main source of organic mercury and a 
biological toxicant),10 merbrominee11 and thiomersalff (both well-established antiseptics).12 
 
ee IUPAC name: Dibromohydroxymercurifluorescein 
ff IUPAC name: Ethyl(2-mercaptobenzoato-(2-)-O,S) mercurate(1-) sodium 
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Approximately, half of mercury release into the environment is due to natural sources like lava 
(generated by volcanic eruption) while the other half stems from human-involved activities. In 
accordance with the environmental studies, the estimated percentages of human-related sources 
of mercury emission are as follows: 
▪ Stationary combustion particularly in coal power plants: 65% 
▪ Gold mining: 11% 
▪ Non-ferrous metal smelting: 6.8% 
▪ Cement industry: 6.4% 
▪ Waste disposal: 3%  
▪ Sodium hydroxide manufacturing: 3% 
▪ Steel industry: 1.4%    
▪ Mercury battery production: 1.1% 
▪ Other sources: 2% 13,14,15 
Mercury poisoning can occur upon exposure to elemental, inorganic, and even organic form of 
mercury (liquid or vapor). The exposure mostly comes from fish eating,gg dental amalgam, and 
also occupational environment.16 In serious cases, the exposure may result in well-known 
diseases such as Minamata disease,17 Hunter-Russell syndrome,18 and Acrodynia (also known 
as pink disease).19 In a few cases, the biological mechanism of mercury toxification is clearly 
known. For example, by irreversible inhibition of selenoenzymes (e.g. thioredoxin reductase), 
mercury disrupts the restoration process for vitamins C and E and many other antioxidants 
responsible for brain cells protection from oxidative damages. Should this disruption continue, 
the result will be irreparable brain damage and even death.20 In the case of pregnant women 
with significant amount of dietary selenium intake, mercury is similarly capable of harming 
fetuses resulting in congenital disorders.21 Methylmercury exposure causes an auto-immune 
response toward myelinhh which contributes to myelin degradation and dysfunction of central 
nervous system.22 
Different sources of mercury can cause different degrees of toxicity. Liquid elemental mercury 
(also known as quicksilver), due to its very poor absorption through skin contact and ingestion, 
does not pose the kind of health threat that its vaporized form does.23 The latter form after 
 
gg Due to biomagnification (the increase of a toxicant concentration in the tissues of a tolerant organism), many 
fish species manage to concentrate large amounts of mercury in their bodies.24 
hh The lipoprotein substance which acts as the nerve cell axon insulator.25 
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absorption through the respiratory tract and entering the circulatory system can cause 
symptoms such as impaired cognitive skills, sensational problems, muscular disorders, 
memory loss, and insomnia.26  
By comparison, among inorganic mercury sources, mercuric salts are far more toxic than 
mercurous ones which is due to their higher solubility in aqueous media. These compounds 
can inflict severe damage on kidneys, liver, and the gastrointestinal tract; however, unless 
chronic exposure happens, they cannot cause any serious brain damage.27 In this category, 
mercuric cyanide (Hg(CN)2) is considered the most dangerous source of mercury whose 
toxicity is mostly due to its cyanide anion and not the mercury cation.28 
As stated earlier, methylmercury is the main source of organomercury and due to its high water-
solubility can become involved in the food web affecting many species and more importantly 
fish.29 Compared to the elemental and inorganic forms of mercury, the latent period for 
methylmercury is often much longer (up to five months) and the initial symptom is usually 
paresthesia (skin numbness) which in serious cases can be followed by acute conditions ending 
in death. In this regard, dimethylmercury ((CH3)2Hg) is known as the most lethal organic 
source of mercury.23 There are, however, less serious consequences upon exposure to 
methylmercury. For example, gestation for humans is also sensitive to methylmercury 
exposure. As a result of this gestational methylmercury exposure, dopamine (a major 
neurotransmitter) release by prefrontal cortex will be influenced leading to long-time 
behavioral effects.30   
Overall, the biological threats caused by mercury emission into the environment (particularly 
the contamination of aqueous media), highlight the importance of effective sensing devices for 
that. In the next section, multiple approaches for mercury sensing with focus on the 
colorimetric approach including that of our project will be explained. 
4.3 Mercury sensing, Chung sensor, and our preliminary assessment of the method 
Commonly, mercury sensing is done by the analytical techniques such as inductively coupled 
plasma-mass spectrometry (ICP-MS),31,32 high performance liquid chromatography-
inductively coupled plasma-mass spectrometry (HPLC-ICP-MS),33,34 capillary 
electrophoresis-inductively coupled plasma-mass spectrometry (CE-ICP-MS),35 and also 
atomic absorption spectroscopy (AAS).36,37 Despite their high efficiency, these methods still 
suffer from disadvantages like costly instrumentation, sophisticated operation, and long-time 
analysis which have stimulated the researchers to develop alternative solutions in order to avoid 
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facing these challenges. These solutions include colorimetric techniques,38,39 fluorescent 
techniques,40,41 electrochemical techniques,42,43 and finally quartz crystal microbalance (QCM) 
techniques.44,45          
Amongst these techniques, the most inexpensive and simplest method is the colorimetric one. 
Naturally, a specific color change for the detection of a cation is ideal for its identification, 
owing to its visibility to the naked eye, and more importantly the lack of any need for 
sophisticated instrumentation. Thus, the discovery of a colorimetric sensor can be very 
advantageous for heavy metals and particularly mercury in many ways. In the calixarene field, 
the first paper addressing the potential for colorimetric detection of cations was published by 
Shinkai and co-workers in 1991 and involved calix[4]arenes possessing azophenol units.46 
Since then there have been other literature examples describing the use of calixarenes with 
azophenol functionalities consolidating its role as a potent chromogenic center for cation 
sensing.47-49 This chapter is based on a work by Chung and co-workers who showed the 
successful recognition of Hg2+ cations using a series of upper rim substituted calix[4]arenes 
with both arylazo and allyl functionalities.50,51 Chung and his co-workers revealed that among 
all the calix[4]arenes they worked with, the ones possessed p-methoxyphenylazo groups 
yielded the strongest bathochromic shift upon complexation with mercury perchlorate 
(compounds 14x, 14y, and 15 in Figure 4.1).  
 
Figure 4.1 Distal bis(p-methoxyphenylazo)calix[4]arene (14x), Proximal bis(p-methoxyphenylazo)calix[4]arene 
(14y), tris(p-methoxyphenylazo)calix[4]arene (15) (based on the work of Chung and co-workers)51 
In Chung’s research, UV-Vis studies were performed using a solution of azacalix[4]arene in a 
methanol-chloroform (v/v=1/399) cosolvent system which was complexed with a large excess 
of the mercuric salt. The researchers believed that the color change (pale yellow to strong pink) 
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occurs because of an azophenol to quinone-hydrazone tautomerism (see Scheme 4.1 and 
Scheme 4.2).  
 
Scheme 4.1 Color change for the solution of azacalix[4]arene as a result of mercury cation addition (taken from 
reference50) – (1): 10 μM solution of the azo dye in CHCl3/MeOH (v/v= 1/399) plus 5 equivalents of Hg2+ salt 
 
Scheme 4.2 Azophenol to quinone-hydrazone tautomerism (X: Calix[4]arene) 
In a later article, the same researchers reported a comparative study on different responses of          
14 cations to bis(p-methoxyphenylazo)calix[4]arenes 14x, 14y (distal and proximal) and also 
tris(p-methoxyphenylazo)calix[4]arene 15. The results demonstrated that p-methoxyphenylazo 
groups in the distal orientation had greater binding to Hg2+ (greater Ka value), compared to the 
proximal one. The addition of a third p-methoxyphenylazo functionality also disturbed the 
binding of other azo substituents to Hg2+ (lesser Ka value) and also had the calix[4]arene 
respond unselectively to mercury and other cations. All these results came from complex 
association constants determined by 1H-NMR spectroscopic titrations for the above-mentioned 
calix[4]arenes (Figure 4.1).50,51  
4.4 Main strategy toward the synthesis of the modified Chung sensor 
In accordance with the aforementioned results from literature, the best sensor for Hg2+ detection 
should contain a distal diallyl-bis(p-methoxyphenylazo)calix[4]arene, so our calix[4]arene 
moiety of the scaffold should be a modified version of that. The modified azacalix[4]arene also 
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requires an amine tether so that it can be attached onto PSMA (see the target molecule on 
Figure 4.2).  
 
Figure 4.2 Target molecule for chapter 5 
Considering the proposed chelation mechanism (depicted on Scheme 4.2), it was potentially 
also important that this tether should not reside on the phenolic ring with the azobenzene 
functionality, but on the one with allyl functionality, otherwise, the above-mentioned 
tautomerism could not occur after introducing mercury.  
The first step was to confirm the literature report on Chung’s synthetic procedure to make the 
sensor. As reported in literature, the synthesis of diallyl-bis(p-methoxyphenylazo)calix[4]arene 
14x was carried out with the procedures by Shu et al. in a very straight-forward manner 
(Scheme 4.3).52 Starting from calix[4]arene 7, a distal diallyloxycalix[4]arene 12 was 
synthesized with anhydrous K2CO3 and allyl bromide in refluxing acetonitrile. After 
purification by recrystallization, with complete correlation of its spectral data with that from 
literature was possible (62%).52 Then distal diallyloxycalix[4]arene 12 underwent a thermal 
Claisen rearrangement ([3+3] sigmatropic rearrangement) with heating under reflux in N,N-
diethylaniline resulting in a distal diallylcalix[4]arene 13 whose spectral results again matched 
the values reported in literature (84%).52 It must be noted that replacing the current solvent 
with diphenyl ether was also attempted in order to increase the reaction yield, but the starting 
material decomposed under the reflux conditions. 
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Scheme 4.3 Formation of distal diallylcalix[4]arene (13). Reagents and conditions: (1) K2CO3 (1.0 equiv.), allyl 
bromide (2.22 equiv.), CH3CN, reflux, 4 h; (2) N,N- diethylaniline, reflux, 4 h (based on the work of Shu et al.)52 
Finally, the diallylcalix[4]arene 13 was dissolved in cold pyridine and diazotized with a pre-
made diazonium salt from p-anisidine, NaNO2 and 4 M HCl in cold acetone and recrystallized 
to afford a distal diallyl-bis(p-methoxyphenylazo)calix[4]arene 14x (82%). It was found to be 
important to maintain the temperature at 0 °C while making the diazonium salt, otherwise, the 
salt would not survive. The reaction proceeded quickly toward completion (one hour) and again 
the identical spectral results for that and the literature values proved the successful formation 
of the diallyl-bis(p-methoxyphenylazo)calix[4]arene 14x (Scheme 4.4).
52  
 
Scheme 4.4 Formation of Chung’s sensor. Reagents and conditions: (1)(a) pyridine, 0 °C (b) p-anisidine              
(4.0 equiv.), NaNO2 (6.15 equiv.), 4 M HCl (50.0 equiv.), acetone, 0 °C then RT, 1 h (based on the work of         
Shu et al.)52 
Repeating the procedure provided by literature for complexation of 14x with mercury,
50,51 
proved that this compound could be used as a mercury sensor (see Scheme 4.5). 
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Scheme 4.5 Repeating Chung’s result for the color change of the azacalix[4]arene solution as a result of 
mercury cation addition – (1): 10 μM solution of the azo dye in CHCl3/MeOH (v/v= 1/399) plus 5 equivalents of 
Hg2+ saltii 
Having established this, the first strategy undertaken for synthesizing the modified Chung’s 
sensor involved a monoalkylation of diallyl-bis(p-methoxyphenylazo)calix[4]arene with N-(4-
bromobutyl)-phthalimide (our established primary amine precursor). As established in chapter 
2, the best way for monoalkylation of calix[4]arene is either through an extended-time reaction 
with NaH as the base and DMF as the solvent at 80 °C or with a minimum amount of K2CO3 
and a large excess of the alkyl halide in refluxing acetonitrile as the solvent. In the case of NaH, 
the reaction did not give any product and eventually, Chung’s sensor 14x decomposed. In the 
same regard, even adding KI (to promote the Finkelstein reaction) was not helpful and the same 
failure resulted. The K2CO3 method also did not give us the desired product and even using too 
much of the base, together with an excess of NaI, did not help either and resulted in 
decomposition of Chung’s sensor 14x under the reaction conditions. Overall, the desired 
monoalkylated Chung’s sensor did not form, in spite of employing different bases and solvents, 
which necessitated a change of plan. The problem appeared to be that the azo groups were 
unstable in the reaction or applied some deactivation effect on the calix[4]arene, thus reducing 
its overall nucleophilicity so that it could not react with the alkyl halide (see Scheme 4.6 and 
Table 4.1).  
 
ii HgCl2 was used since Hg(ClO4)2 was unavailable. 
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Scheme 4.6 Failed attempts to put the amine tether on Chung’s sensor 
 








































4.5 Alternative strategies 
The first alternative plan was based on a literature report by Lin et al. for the synthesis of a 
calix[4]quinone from dialkoxycalix[4]arene with ClO2 solution (a mild oxidizing agent to 
avoid over-oxidation) at room temperature in acetonitrile (Scheme 4.7)jj.53  
 
jj Thallium tris-trifluroacetate was another common choice for calix[4]arene oxidation; however, it was more 
expensive and in accordance with literature less effective.54,55 
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Scheme 4.7 Oxidation approach for the distal diallyloxycalix[4]arene (17). Reagents and conditions: ClO2 
solution (7.4 equiv.), CH3CN, RT, 4 h (based on the work of Lin et al.)53 
In a later paper by Chawla et al.,56 a series of calix[4]quinones from Lin’s very same paper53 
underwent a diazotization reaction with a number of substituted phenyl hydrazines and 
concentrated sulfuric acid in ethanol/chloroform at room temperature to afford substituted 
bisazocalix[4]arenes (the calix[4]quinone 17 was not involved in those experiments) (Scheme 
4.8).   
 
Scheme 4.8 Chawla’s diazotization approach for producing bisazocalix[4]arene from calix[4]quinone. 
Reagents and conditions:  the substituted phenyl hydrazine, conc. H2SO4, EtOH/CHCl3, RT, 4 h (based on the 
work of Chawla et al.)56  
Therefore our proposed plan included the thermal Claisen rearrangement on the synthesized 
diallyloxycalix[4]diquinone 17, monoalkylation of that product and ultimately the 
diazotization by means of a substituted phenyl hydrazine (Scheme 4.9). 
Stellenbosch University https://scholar.sun.ac.za
92 | P a g e  
 
 
Scheme 4.9 First alternative plan to make the modified Chung’s sensor. Reagents and conditions: (1) ClO2 
solution (7.4 equiv.), CH3CN, RT, 4 h; (2) Claisen rearrangement (in diphenyl ether); (3) Monoalkylation with 
Finkelstein reaction (reflux in CH3CN); (4) Diazotization (with substituted phenyl hydrazine in acidic media in 
EtOH/CHCl3) 
The first oxidation step was successfully performed in accordance with literature; however, in 
practice the yield was only 20% (compared to the reported 67% yield). After confirming our 
spectral data with literature values,53 the Claisen rearrangement was attempted to obtain 18, but 
failed since heating between 150 °C to 200 °C gave no reaction, whilst at higher temperatures 
our calix[4]diquinone 17 decomposed.  
After this, we attempted to directly oxidize diallylcalix[4]arene 13 to avoid the decomposition 
problem caused by the thermal rearrangement. Unfortunately, treatment with ClO2, resulted in 
over-oxidation in all cases and so this strategy was discarded (Scheme 4.10). 
 
Scheme 4.10 Failed attempt to directly oxidize diallylcalix[4]arene 
Next, it was decided to directly monoalkylate diallylcalix[4]arene 13 using the phthalimide 
derivative diazotization with the method employed earlier for the synthesis of Chung’s sensor 
(Scheme 4.11). One obvious potential problem was the alkylation regioselectivity as it could 
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result in the formation of two different products; one could possess the butylphthalimide on the 
allyl-substituted ring, whereas the other one could have the same functionality on the allyl-free 
ring. 
 
Scheme 4.11 Third alternative plan to make the modified Chung’s sensor. Reagents and conditions: (1) (a) NaH 
(60% in oil) (1.0 equiv.), DMF, 80 °C, 24 h; (b) N-(4-bromobutyl)phthalimide (1.5 equiv.), DMF, 80 °C, 24 h;       
(2) Diazotization (with p-anisidine in acidic media) 
Unfortunately, the 1H-NMR spectrum for monoalkylation of 13 (Figure 4.3) suggested the 
formation of both predicted products (20x and 20y, both on Figure 4.3) and owing to their 
identical Rf values, they could not be separated from each other (50% collective yield). The 
1H-NMR spectrum depicted two singlets at 9.20 and 9.39 ppm (with equal integrations) and 
another two singlets at 9.59 and 9.66 ppm (again with equal integrations but half the ratio for 
the previous couple) corresponding to the phenolic protons and thus representing a mixture of 
two regioisomers. The phthalimide aromatic signals also showed up between 7.68-7.71 and 
7.85-7.88 ppm. Regrettably, aside from the phenolic region signals and the integration of all 
signals across the spectrum (which could only be meaningful in presence of two regioisomers), 
there was no further rationale to prove the doubling case. Overall, this set of data suggested the 
mole percentage of each of the products in the recovered crude was so close to one another 
which made the determination of the major and minor products via NMR spectroscopy 
impossible.  
Although the likelihood of success was deemed low, it was decided to diazotize the mixture of 
monoalkylated isomers with the hope that the diazotized products would have a substantial 
difference in polarity, so that they could be separated from each other with ease. For this 
approach, calix[4]arene itself acted as the nucleophile, the amine source was p-anisidine, and 
NaNO2 was used as the nitrosonium ion origin with 4 M HCl the acid in use. After the reaction, 
the TLC showed the formation of only one spot and the crude was passed through a column of 
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silica gel using EtOAc as the eluent. The product came off with 25% EtOAc/n-hexane; 
however, the 1H-NMR spectrum for this product was not conclusive enough (complicated and 
unclear) (see the diazotization reaction conditions in Table 4.2). 
 
Figure 4.3 1H-NMR spectrum (in CDCl3) for 20x (right-hand side structure) and 20y (left-hand side structure) 
 















1 5.0 10.0 50.0 10.0 Acetone/MeOH/DMF 
 (6.4:1:4.1) 





2 6.0 6.0 50.0 - Acetone/Pyridine 
(1:1) 





Due to the vague and insufficient 1H-NMR spectral results, the sample was submitted for a 
mass spectroscopy experiment (see the HRMS in Figure 4.4).   
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Figure 4.4 HRMS results for the diazotization attempt on diallylcalix[4]arene-monobutylphthalimide mixture 
(20x, 20y) 
According to the HRMS result, there were only two molecular ions attributable to meaningful 
structures: the molecular ion MIA (974.4126 Da) could be attributed to a compound with the 
molar mass of our desired azacalix[4]arene 16 and its regioisomer (the ideal calculated value 
for [M+H]+ should be 974.4129 Da), and also the molecular ion MIB (945.3506 Da) which 
represented compound 16 (and its regioisomer) which had lost both its p-anisidine moiety 
methyl groups due to its etheric bond dissociation through the ionization process in the 
instrument (the ideal calculated value for [M+H]+ should be 945.3738 Da). The suggested 
structures for these molecular ions can be seen in Figure 4.5.  
As a consequence of the HRMS results, a mercury-sensing test was attempted by preparing a 
solution of our products mixture in CHCl3/CH3OH (399:1) and adding 5 equivalents of HgCl2 
which resulted in a color change from yellow to pale pink, i.e. a positive result. However, 
despite the indications for the existence of the desired product (HRMS and mercury test), the 
inconclusive NMR spectrum and the purification issues meant it was impossible to carry on 
with the plan as envisaged. 
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Figure 4.5 Suggested structures for MIA and MIB 
Since regioselectivity appeared to be an issue, the next strategy considered protecting the 
phenolic protons by acylating diallyloxycalix[4]arene 12 followed by the Claisen 
rearrangement. The rest of the synthesis would then be very similar to the former approaches 
already discussed (Scheme 4.12).   
The acetylation reaction was carried out in dry DCM with triethylamine (as the base) and 
catalytic DMAP on 12 (first at 0 °C and then room temperature) using an excess of acetic 
anhydride. Although the mass spectrum proved the existence of a diacetylated calix[4]arene, 
the 1H-NMR spectrum revealed the formation of not the desired cone conformer, but the partial 
cone in 43% yield. The lack of any phenolic protons in the 1H NMR spectrum was a sign of 
full protection at the lower rim. However, the existence of two different singlets at 1.52 and          
1.89 ppm for acyl protons provides evidence for the dissymmetry of the structure 
(conformational change). This was also supported by the presence of 3 different doublets for 
the methylene bridges of the calix[4]arene (2 protons at 3.21, 2 protons at 3.57 and 4 protons 
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at 3.89 ppm) which confirmed the formation of a new conformer. Typically, only 2 chemically 
inequivalent protons should be observable (i.e. axial and equatorial) for a symmetrical cone 
conformation. Facing this unfavorable conformational issue, it was decided to implement a 
series of different acetylations on our starting material (acylating reagent: acetic anhydride) 
using different bases, solvents and so forth to possibly sort out this matter (see Scheme 4.13 
and Table 4.3).kk 
 
Scheme 4.12 Fourth alternative plan to make the modified Chung’s sensor. Reagents and conditions: (1) Acetic 
anhydride (18.0 equiv.), triethylamine (18.0 equiv.), DMAP (5 mol%), DCM, 0 °C then RT, 15 h; (2) Claisen 
rearrangement (in diphenyl ether); (3) Monoalkylation with Finkelstein reaction (reflux in CH3CN);                       
(4) De-acetylation reaction (alkaline hydrolysis); (5) Diazotization (with p-anisidine in acidic media) 
 
 
Scheme 4.13 Conformational change through acetylation 
 
kk Conformational changes for calixarenes usually happen as a result of reactions or heating at very high 
temperatures.57 Only if a calixarene holds a mobile conformation, it is able to transform from one conformer to 
another back and forth at room temperature.58 The latter phenomenon will be later explained in chapter 5 of this 
dissertation.   
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Table 4.3 Attempts to diacetylate diallyloxycalix[4]arene (12). 10.0 equiv. Ac2O and base used. apyridine used 
as a reagent and not as a solvent; bpartial cone obtained 
Entry 
 
Base Catalyst Solvent Temp. 
(°C) 
Time Yield (%) 
1 Na2CO3 - DMF 0→25 24 h - 
2 Na2CO3 DMAP DMF 0→25 24 h - 
3 Na2CO3 DMAP DMF 100 7 h - 
4 Na2CO3 - CH3CN Reflux 24 h - 
5 K2CO3 - DMF 0→25 24 h - 
6 K2CO3 - CH3CN Reflux 24 h - 
7 Pyridinea DMAP DMF 0→25 24 h - 
8 Pyridinea DMAP DMF 100 7 h 30b 
9 Et3N DMAP DCM 0→25 15 h 43b 
 
Unfortunately, different conditions did not result in the desired cone conformation, so as a last 
resort the thermal rearrangement on our partial cone compound was tried with the hope of a 
conformational change of our starting material from partial cone to cone. Regrettably, the plan 
failed since it gave no reaction between 150 °C to 200 °C whilst our starting material (21) 
decomposed at higher temperatures (Scheme 4.14). It implies that acyl groups were not stable 
enough to resist such harsh thermal conditions and caused complications in product formation.   
 
Scheme 4.14 Failed thermal rearrangement on partial cone diallyloxy-diacetyloxycalix[4]arene (5th alternative 
plan to make the modified Chung’s sensor)  
After the failure of the strategies that involved the reaction between a functionalized 
calix[4]arene (the nucleophile) and p-anisidine (the diazotization reagent), it was suggested 
that the functionalized calix[4]arene’s role had to be re-defined. Thus, the roles were reversed 
and a diaminocalix[4]arene was targeted as the precursor to the formation of a diazonium salt 
which could be reacted with a nucleophilic source such as phenol or anisole (Scheme 4.15). 
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Scheme 4.15 Calix[4]arene’s new role as the diazotization agent for the formation of the modified Chung’s 
sensor 
In order to obtain the diamino calixarene 27, distal diallyloxycalix[4]arene 12 was nitrated by 
nitric acid (70%) in a mixture of glacial acetic acid and DCM. Different temperatures and 
reaction times were applied to optimize the reaction yield. In the end, it was realized that if the 
reaction time or the temperature (or both of them) increases, the yield would decrease 
dramatically.  Finally, it was discovered that the best yield for producing 24 could be achieved 
at –10 °C for a 35-minute reaction (53% yield) (see Scheme 4.16 and Table 4.4). 
 
Scheme 4.16 Synthesis of compound 24. Reagents and conditions: (1) HNO3 70% (18.0 equiv.), DCM/glacial 
AcOH, –10 °C, 35 min 
 
Table 4.4 Optimization attempts for the nitration of 12. 18.0 equiv. nitric acid 70% used in DCM/glacial acetic 
acid (3:4) (Reaction concentration: 0.09 M) 
Entry Temp. 
(°C) 
Time Yield (%) 
1 0  5 h <10 
2 0  2 h 18 
3 0  1 h 25 
4 –10   24 h <10 
5 –10    2 h 38 
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The 1H-NMR spectrum (Figure 4.6) primarily revealed the existence of product 24 by the 
presence of a singlet at 8.05 ppm (four aromatic protons de-shielded by p-substituted nitro 
groups). To corroborate this, two phenolic protons of the lower rim at 9.18 ppm could be seen 
as a singlet (downfield compared to the same ones in the starting material 12), owing to their 
greater acidity induced by the p-nitro group). 
The product also respectively showed an asymmetric N-O stretch at 1506 cm–1 and a symmetric 
N-O stretch at 1331 cm–1 in its IR spectrum. Finally, the HRMS result demonstrated the 
presence of a species with molecular ion of 612.2336 Da (the calculated molecular ion for 
[M+NH4]+: 612.2346 Da).  
 
Figure 4.6 1H-NMR spectrum (in CDCl3) for 24 
Then compound 24 underwent a thermal Claisen rearrangement at 150 °C in diphenyl ether to 
form compound 25 (72% yield). Diphenyl ether was chosen because of its easy removal process 
after reaction (trituration with petroleum ether) and also owing to the decomposition of starting 
material in higher boiling point solvents (e.g. N,N-diethylaniline) under reflux conditions 
(Scheme 4.17).  
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Scheme 4.17 Synthesis of compound 25. Reagents and conditions: (1) Diphenyl ether, 150 °C, 4h 
In the 1H-NMR spectrum of 25 (Figure 4.7), four phenolic protons were observed as a broad 
singlet at 10.13 ppm which proved the successful [3+3] Claisen rearrangement, together with 
the existence of a strong hydrogen bonding between lower rim hydroxyls. Moreover, there 
were two singlets each representing four protons for p-substituted rings of calix[4]arenes at 
6.98 ppm (allyl-substituted) and 8.0 ppm (nitro-substituted).  
N-O stretches are visible at 1332 and 1513 cm–1 on IR spectrum while HRMS detected the 
molecular ion 612.2338 Da (the calculated molecular ion for [M+NH4]+: 612.2346 Da).  
 
Figure 4.7 1H-NMR spectrum (in CDCl3) for 25 
Stellenbosch University https://scholar.sun.ac.za
102 | P a g e  
 
The diallyl-dinitrocalix[4]arene 25 was then monoalkylated with N-(4-bromobutyl)-
phthalimide in refluxing acetonitrile to produce 26. It was found that using a minimum amount 
of K2CO3 did not give a good yield (<50%), therefore an excess of the base together with NaI 
were used (Finkelstein reaction) and this time a much better yield was achieved (71%) (see 
Scheme 4.18).ll  
 
Scheme 4.18 Synthesis of compound 26. Reagents and conditions: (1) N-(4-bromobutyl)phthalimide (1.2 equiv.), 
K2CO3 (4.0 equiv.), NaI (1.0 equiv.), CH3CN, reflux, 15 h 
The 1H-NMR spectrum of 26 (Figure 4.8) revealed dissymmetry in the phenolic region which 
was caused by monoalkylation, and importantly that only one regioisomer had been formed. It 
was, however, important to know whether the butylphthalimide group was situated on the allyl-
substituted phenolic ring, since in the future, after diazotization, only a non-modified phenolic 
ring can tautomerize to the quinone-hydrazone on complexation with mercury. In addition, two 
singlets were observed for the phenolic protons, one integrating for 2H at 8.66 ppm and 1H at 
10.06 ppm. Since the nitro-substituted ring has a more acidic proton, one can hypothesize that 
the more downfield proton (1H) signal corresponded to this, and thus alkylation, unfortunately, 
occurred on this position. Chemically, it makes sense that it would undergo deprotonation first 
and thus the alkylation would occur here. In addition, phthalimide aromatic protons can be seen 
as two multiplets with 4 protons between 7.70-7.72 and 7.85-7.88 ppm. Because of 
dissymmetry in the system, the upper rim protons were not seen as two singlets anymore but 
as two doublets at 6.92 and 6.96 ppm (inequivalent aromatic protons of the allyl-substituted 
phenolic rings) and two singlets at 7.92 and 7.94 ppm (inequivalent aromatic protons of the 
nitro-substituted phenolic rings). With respect to the tether, the oxygen-linked methylene 
 
ll In this case, NaH was not a favorable option. Due to the literature results by Gutsche et al. on both alkylation 
and acylation of distal dinitrocalix[4]arene, using NaH as the base would facilitate the formation of a tetra-
substituted product. To avert that, K2CO3 was employed which as Gutsche suggested could only produce a mono-
substituted product. The same report also claimed that only the nitro-substituted phenolic moiety would be 
alkylated and the other phenolic moiety would not partake in the reaction.59   
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shows up at 4.26 ppm, which is more downfield, compared to the nitrogen-linked methylene 
appearing at 3.93 ppm (oxygen is obviously more electronegative). Overall the argument that 
the nitro-substituted phenol was alkylated was not definitive, but likely and this may seriously 
impact the complexation ability of our final modified Chung’s sensor (as only one of the 
azophenol groups can tautomerize in the presence of mercury).mm 
The IR spectrum of 26 revealed the presence of a carbonyl stretch at 1708 cm–1 related to the 
imide group of the phthalimide. In addition, HRMS detection of a species with molecular ion 
813.3144 Da matched the calculated molecular ion of 813.3136 Da assigned to [M+NH4]+ for 
compound 26. 
 
Figure 4.8 1H-NMR spectrum (in CDCl3) for 26 
In the next step, the two nitro functional groups on compound 26 were reduced with powdered 
iron with the help of an acidic medium (1 M HCl solution). In this case, the starting material 
 
mm A 2D 1H-NMR spectroscopic method (e.g. NOESY) could be the solution to fully ascertain the regioselectivity 
status of our product (26); however, due to the previously-mentioned report by Gutsche et al.,59 the high cost of 
the experiment, and the fact that this approach ended in failure, it was deemed unnecessary and not attempted.  
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was heated under reflux in EtOH/THF to yield compound 27 (62% product recovery) (see 
Scheme 4.19).  
 
Scheme 4.19 Synthesis of compound 27. Reagents and conditions: (1) Iron powder (20.0 equiv.),                         
1 M HCl (20.0 equiv.) in EtOH/THF, reflux, 15 h 
The 1H-NMR spectrum (Figure 4.9) indicated a very broad signal (observed as a split singlet) 
encompassing all 3 phenolic protons of the lower rim between 9.09-9.35 ppm. These protons 
showed up more upfield in comparison to the one for 26, due to the far weaker electron-
withdrawing nature of -NH2 than -NO2. Possibly due to the strong hydrogen bonding between 
the upper rim -NH2 groups, they most likely have hidden somewhere between 3.00 and 4.50 
ppm on the baseline and therefore were not observed. Aside from that, there was a singlet at 
7.92 ppm which could not be assigned to any specific proton of the desired product casting 
doubts on the purity of the product. 
Nevertheless, HRMS revealed the existence of the molecular ion 736.3392 Da (the calculated 
molecular ion for [M+H]+: 736.3387 Da) and also the molecular ion 368.6735 Da (the double-
charged ion) and to support the claim of the synthesis of 27, the IR spectrum also showed a 
characteristic bend for N-H at 1603 cm–1.  
Overall, despite some uncertainty around the product purity (which could not get sorted by and 
re-running the product through a column chromatography and even attempted 
recrystallization), the desired product 27 was successfully synthesized after four steps. 
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Figure 4.9 1H-NMR spectrum (in CDCl3) for 27 
Although admittedly impure, the monoalkylated diaminocalix[4]arene 27 was submitted to 
diazotization conditions and then treated with a nucleophilic source (phenol or anisole). The 
diazotization step required the formation of the nitrosonium ion (generated from 5 to 10 
equivalents of NaNO2 and an acid). In some cases, for the second reaction, NaOAc was used 
to increase the basicity of the reaction to pH=9 in order to facilitate the nucleophilic attack 
(through the formation of the phenolate anion, since phenol itself is not a potent 
nucleophile).60,61 Despite that, the diazotization did not occur and the same 
diaminocalix[4]arene starting material  27 was recovered in all cases after the reaction work-
up (see Scheme 4.20 and Table 4.5).  
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Scheme 4.20 Failure of the sixth alternative plan to make the modified Chung’s sensor 
Table 4.5 Reagents and conditions of diazotization of monoalkylated diallyl-diaminocalix[4]arene (27) (0 °C 











1 Anisole (8.0) 4 M HCl (123.0) - Acetone 0.03 No Reaction 
2 Anisole (10.0) 4 M HCl (14.3) - Acetone 0.29 No Reaction 
3 Anisole (10.0) 0.8 M HCl (8.0) - THF/Pyridine 
(4.5:1) 
0.01 No Reaction 
4 Phenol (10.0) 0.8 M HCl (8.0) - THF/Pyridine 
(4.5:1) 
0.01 No Reaction 
5 Phenol (10.0) 12 M HCl (60 drops) - THF/Pyridine 
(3.5:1) 
0.01 No Reaction 
6 Anisole (10.0) 12 M HCl (60 drops) - THF/Pyridine 
(3.5:1) 
0.01 No Reaction 
7 Phenol (10.0) 12 M HCl (21 drops) - THF/MeOH 
(1.86:1) 
0.03 No Reaction 
8 Phenol (10.0) AcOH (100%) (0.9 
mL) 




0.04 No Reaction 
9 Phenol (10.0) AcOH (100%) (0.45 
mL) 




0.04 No Reaction 
10 Phenol (10.0) 12 M HCl (21 drops) - THF/MeOH 
(4.7:1) 
0.02 No Reaction 
11 Phenol (10.0) 12 M HCl (27 drops) - THF/MeOH 
(1.67:1) 
0.02 No Reaction 




0.01 No Reaction 






0.01 No Reaction 
14 Phenol (10.0) 4 M HCl (4.0) - THF/Pyridine 
(2:1) 
0.02 No Reaction 
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Searching for a solution within literature, it was suggested that the para OH group of an aniline 
derivative had to be protected in order to let the diazotization happen, otherwise, the strong 
electron-donating effect of the OH group could prevent the reaction between the NH2 group 
and the nitrosonium ion to form the diazonium salt.62 To do so, full protection of the lower rim 
was carried out from the step before the reduction of the nitro groups by means of acylation of 
26 with acetic anhydride and triethylamine in anhydrous DCM at 0 °C, then room temperature 
to form 30 (68% yield) (see Scheme 4.21).  
 
Scheme 4.21 Synthesis of compound 30. Reagents and conditions: (1) Acetic anhydride (18.0 equiv.), 
triethylamine (18.0 equiv.), DMAP (5 mol%), DCM, 0 °C then RT, 15 h 
According to 1H-NMR spectrum (Figure 4.10), there was no sign of phenolic protons as a 
proof for the full protection of the lower rim, alongside the emerging of two singlets at 1.42 
and 1.57 ppm for the newly formed acetyl groups (3 and 6 protons respectively). The spectrum 
also showed that there were different types of aromatic protons appearing as two singlets at 
6.83 ppm (2 protons) and 6.99 ppm (2 protons) and another two singlets at 7.89 ppm (2 protons) 
and 7.91 ppm (2 protons). In line with what was seen in the 1H-NMR spectral data for 26, here 
also the more shielded protons at 6.83 and 6.99 ppm were ortho to the allyl groups, while the 
more de-shielded protons at 7.89 and 7.91 ppm suggested that our nitro groups were indeed not 
equivalent (the existence of only one multiplet signal for the CH group of allyl between 5.76-
5.89 ppm also corroborated this theory). Thereby, in the light of this set of evidence, it was re-
confirmed that the butylphthalimide spacer had been attached to a nitro-substituted phenol ring.  
IR showed two different C=O stretches at 1702 cm–1 for the symmetric mode of phthalimide 
and also at 1752 cm–1, which is presumably an overlapping one for the asymmetric mode of 
phthalimide and also the ester. In addition, the HRMS gave a signal at 939.3453 Da (calculated 
[M+NH4]+ value for our compound is 939.3435 Da).  
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Figure 4.10 1H-NMR spectrum (in CDCl3) for 30 
Next, the fully lower rim-protected dinitrocalix[4]arene 30 was reduced in the same manner as 
before (Fe/HCl in EtOH/THF) to produce diamino 31 in a 90% yield (Scheme 4.22).  
 
Scheme 4.22 Synthesis of compound 31. Reagents and conditions: (1) Iron powder (35.48 equiv.), 1 M HCl 
(38.71 equiv.) in EtOH/THF, reflux, 15 h 
Unlike the previous diamino calixarene, this compound’s NMR spectra were very clean. As 
was the case for compound 27, the strong hydrogen bonding between the upper rim NH2 groups 
presumably results in the lack of amine protons on the 1H-NMR spectrum for 31, probably 
Stellenbosch University https://scholar.sun.ac.za
109 | P a g e  
 
being found around 3-4 ppm (Figure 4.11). Compared to 30, the aromatic protons for nitro-
substituted rings moved upfield to 6.31 ppm due to the strong electron-donating group (-NH2).  
In the IR spectrum of 31, exhibits a bend for N-H at 1600 cm–1 was evident while HRMS not 
only showed the desired molecular ion 862.3705 Da (the calculated value for [M+H]+: 
862.3704 Da), but also two other fragments 661.2916 Da (our product minus butylphthalimide 
and acyl groups) and 431.6887 Da (for the double-charged ion). Overall, the compound 31 
synthesis was achieved after another two steps. 
 
Figure 4.11 1H-NMR spectrum (in CDCl3) for 31 
Triacetyl-diamino-calixarene 31 was then subjected to a series of diazotization reactions. This 
time, phenol was the only nucleophilic source and 4 M HCl was the acid source, while the rest 
of the conditions were the same as the previous diazotization attempts. During the reactions, 
the TLC showed the formation of two spots and the crude products obtained were purified via 
column chromatography using EtOAc as the eluent. The first spot came off the column at 10% 
EtOAc/n-hexane, while the second spot was only collected when the polarity was increased to 
25% EtOAc/n-hexane. The 1H-NMR spectra of both spots were recorded, though, like the 
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previous diazotization attempt, the obtained spectra were not conclusive enough (complicated 
and unclear most likely due to decomposition of the products) (see the summary in Table 4.6). 













1 10.0 31.0 - THF/Pyridine 
(4:1) 




2 10.0 22.0 - THF/Pyridine 
(4:1) 




3 20.0 20.0 200.0 THF/MeOH/DMF 
(1:1.5:2.5) 




4 20.0 20.0 - THF/Pyridine 
(1.2:1) 




Due to the complication of data analysis by 1H-NMR spectroscopy, the samples were submitted 
for an HRMS experiment (see the related HRMS in Figure 4.12).  
 
Figure 4.12 HRMS results for the first product of diazotization on triacetyl-diamino-calixarene (31) 
According to these HRMS results, for the first spot (collected at 10% EtOAc/n-hexane), no 
molecular ion was found attributable to any possible structure resulted from the diazotization 
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reaction on our starting material (31). Therefore, it seemed that even HRMS was not capable 
of characterization of that compound.  
On the other hand, for the second spot (collected at 25% EtOAc/n-hexane) HRMS was also 
obtained (the relevant HRMS can be seen in Figure 4.13). 
 
Figure 4.13 HRMS results for the second product of diazotization on triacetyl-diamino-calixarene (31) 
This time, there were indications for the existence of both mono (32x or 32y) and bis-diazotized 
derivatives (Triacylated version of 28) of our azacalix[4]arene together. For the mono-
diazotized derivatives: the molecular ion MIC (952.3804 Da), was related to either of 32x or 
32y regioisomers (the ideal calculated value for [M+H]
+ should be 952.3809 Da) in addition to 
the molecular ion MID (969.4095 Da) for the same couple of regioisomers (the ideal calculated 
value for [M+NH4]+ should be 969.4075 Da). With respect to the bis-diazotized derivative: the 
really low-intensity molecular ion MIE (1072.4174 Da) was ascribable to the triacylated 
version of compound 28 (the ideal calculated value for [M+H]+ should be 1072.4133 Da). The 
predicted structures for this diazotization attempt can be seen in Figure 4.14. 
Overall, these results not only showed the unsuccessful purification approach for this reaction, 
but also proved that the obtained product was predominantly not the desired bis, but the 
undesired mono-azo derivative. Thus, unpromising NMR spectrum results and also vague 
indications from HRMS did not convince us to further this plan to the later stages. 
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Figure 4.14 Predicted structures for MIC, MID, and MIE 
4.6 Concluding remarks  
Regrettably, in spite of all efforts and ideas dedicated to this chapter, our plan for making an 
azacalix[4]arene-grafted PSMA failed. The first stage of the plan was proven to be the most 
challenging one which had to be the formation of the modified Chung’s sensor possessing a 
primary amine tether, whereas it was known from our experiments in chapter 3 that the second 
stage (PSMA and aminocalix[4]arene reaction) would be really straightforward to be done (The 
attachment was feasible even at room temperature). In some cases, the modified 
azacalix[4]arene did not form at all and in others, although HRMS confirmed the formation of 
our desired product, it was mixed with many other species. The 1H-NMR spectrum also did not 
give us the ultimate proof for the product formation (complicated and impossible to interpret) 
which might be caused by the decomposition of the azacalix[4]arene scaffold under the reaction 
conditions, in addition to the presence of other regioisomers. Overall, under the attempted 
conditions, it was impossible to produce a pure modified Chung’s sensor in high yield and use 
it for the next steps. 
4.7 Experimental section 
The same principles used for the experimental sections in previous chapters are applied to this 
section. Here only the synthesis and the characterization methods for all compounds studied in 
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25,27-Diallyloxy-26,28-dihydroxycalix[4]arene –  12 
25,26,27,28-Tetrahydroxylcalix[4]arene 7 (2.12 g, 5.00 mmol), 
anhydrous K2CO3 (680 mg, 5.00 mmol) and allyl bromide (1.34 g,            
11.1 mmol) were heated under reflux in acetonitrile (100 mL) for 4 hours 
under argon. After the removal of the solvent under the reduced pressure, 
1 M HCl (100 mL) was added and the resulting white solid was 
recrystallized from CHCl3/CH3OH to produce a colorless plate-like crystal (1.56 g, 62%). The 
spectral data were correlated with that from literature.52 Mp 206 °C; Rf=0.46 (50% 
DCM/Petroleum ether); 1H-NMR (300 MHz, CDCl3) δ ppm 3.39 (d, J=13.0 Hz, 4H, 
ArCH2Ar), 4.32 (d, J=13.0 Hz, 4H, ArCH2Ar), 4.55 (d,  J=5.0 Hz, 4H, OCH2-C), 5.39-5.85 
(m, 4H, CH2=C), 6.18-6.37 (m, 2H, C=CH-C), 6.66 (t, J=7.5 Hz, 2H, ArH), 6.74 (t, J=7.5 Hz, 
2H, ArH), 6.90 (d, J=7.5 Hz, 4H, ArH), 7.06 (d, J=7.5 Hz, 4H, ArH), 8.02 (s, 2H, ArOH). 
5,17-Diallyl-25,26,27,28-tetrahydroxycalix[4]arene – 13 
25,27-Diallyloxy-26,28-dihydroxycalix[4]arene 12 (1.00 g,              
1.98 mmol) was heated under reflux in N,N-diethylaniline (10 mL) for 
4 hours under argon. The reaction was cooled down and quenched 
with 1 M HCl (50 mL) to form a white solid. This crude was purified 
with a column chromatography (20% DCM/petroleum ether) and 
eventually recrystallized from CHCl3/CH3OH to afford a pale-yellow 
needle-like crystal (840 mg, 84%). The spectral data were correlated with that from literature.52 
Mp 215 °C; Rf=0.46 (10% EtOAc/Petroleum ether); 1H-NMR (300 MHz, CDCl3) δ ppm 3.18 
(d, J=7.0 Hz, 4H, ArCH2-C), 3.52 (br. s, 4H, ArCH2Ar), 4.27 (br. s, 4H, ArCH2Ar), 5.00-5.10 
(m, 4H, CH2=C), 5.77-5.97 (m, 2H, C=CH-C), 6.74 (t, J=8.0 Hz, 2H, ArH), 6.86 (s, 4H, ArH), 












At 0 °C, p-anisidine (200 mg, 1.60 mmol) and NaNO2 (170 mg,                
2.46 mmol) were mixed in 4 M HCl (5.00 mL, 20.0 mmol) and acetone 
(5 mL) and added to a cold solution of 5,17-diallyl-25,26,27,28-
tetrahydroxycalix[4]arene 13 (200 mg, 0.400 mmol) in pyridine (5 mL) 
resulted in the formation of a red-color solution. The reaction was 
warmed up to room temperature and stirring continued for an hour.  
The reaction was quenched with 1 M HCl (100 mL) to form a dark red 
solid and the solid was finally recrystallized from CHCl3/CH3OH to 
produce a yellow powder (260 mg, 82%). The spectral data were correlated with that from 
literature.52 Mp 264 °C; Rf=0.31 (10% EtOAc/Petroleum ether); 1H-NMR (300 MHz, CDCl3)  
δ ppm 3.22 (d, J=7.0 Hz, 4H, ArCH2-C); 3.62 (br. s, 4H, ArCH2Ar), 3.87 (s, 6H, ArOCH3), 
4.27 (br. s, 4H, ArCH2Ar), 5.01-5.10 (m, 4H, CH2=C), 5.78-5.98 (m, 2H, C=CH-C), 6.97 (s, 
4H, ArH), 6.98 (d, J=9.0 Hz, 4H, ArH), 7.64 (s, 4H, ArH), 7.81 (d, J=9.0 Hz, 4H, ArH), 10.25 
(br. s, 4H, ArOH). 
25,27-Diallyloxy-26,28-calix[4]diquinone – 17 
25,27-Diallyloxy-26,28-dihydroxycalix[4]arene 12 (2.52 g, 5.00 mmol) 
dissolved in acetonitrile (150 mL) and to that was added an aqueous 
solution of ClO2 (100 mL).* The stirring continued for 4 hours and then 
the organic layer was removed under the reduced pressure to form a solid 
residue. The residue was purified with a column chromatography (20% 
EtOAc/petroleum ether) and eventually recrystallized from 
CHCl3/CH3OH to yield an orange solid (540 mg, 20%). The spectral data were correlated with 
that from literature.53 Mp 187 °C; Rf=0.12 (1% EtOH/DCM); 1H-NMR (300 MHz, CDCl3) δ 
ppm 3.35 (d, J=12.8 Hz, 4H, ArCH2Ar), 3.69 (d, J=12.8 Hz, 4H, ArCH2Ar), 4.22 (d, J=5.5 Hz, 
4H, OCH2-C), 5.24 (dd, J=10.4, 0.9 Hz, 2H, OCH2-C), 5.32 (dd, J=17.1, 1.3 Hz, 2H,          
OCH2-C), 5.96-6.11 (m, 2H, C=CH-C), 6.55 (s, 4H, quinone H), 6.45 (t, J=7.5 Hz, 2H, ArH), 
6.82 (d, J=7.5 Hz, 2H, ArH).  
*Aqueous ClO2 preparation was achieved by mixing equal amounts of NaClO2 (22.6 g,       
0.250 mol) in water (500 mL) and Na2S2O8 (29.7 g, 0.125 mol) in water (500 mL) and stored 
at  0 °C in a dark color bottle. 
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5,17-Diallyl-25-mono-phthalimidebutoxy-26,27,28-trihydroxycalix[4]arene and 5,17-
Diallyl-26-mono-phthalimidebutoxy-25,27,28-trihydroxycalix[4]arene – 20x, 20y 
                         5,17-Diallyl-25,26,27,28-
tetrahydroxycalix[4]arene 13 (210 mg,     
0.420 mmol), NaH (60% in oil) (16.8 mg,               
0.420 mmol) were suspended in dry DMF  
(7.2 mL) and the mixture was heated at 80 °C 
for 24 hours under argon. After that, N-(4-
bromobutyl)phthalimide 4b (180 mg,         
0.630 mmol) was added and the heating 
continued for another 24 hours. The reaction 
got cooled down and quenched with 10 mL 
of NH4Cl (saturated solution). Ethyl acetate (3×50 mL) was added and then everything was 
transferred into a separation funnel. The organic phase was separated and washed with water 
(6×50 mL) and brine (50 mL) and dried over anhydrous MgSO4. The EtOAc layer was removed 
under the reduced pressure and the crude left was purified via a column chromatography (10% 
EtOAc/petroleum ether) to afford a colorless oil as the mixture of 2 regioisomers (150 mg, 
50%: recovered mass). Rf=0.23 (10% EtOAc/Petroleum ether); 1H-NMR (300 MHz, CDCl3) δ 
ppm 2.10-2.25 (m, 8H, C-CH2-C), 3.16 (t, J=7.7 Hz, 8H, C-CH2N), 3.38 (d, J=3.4 Hz, 4H, 
ArCH2Ar), 3.41 (d, J=3.4 Hz, 4H, ArCH2Ar), 3.92 (t, J=6.3 Hz, 4H, OCH2-C), 4.19 (d,     
J=13.2 Hz, 4H, ArCH2Ar), 4.30 (d, J=13.2 Hz, 4H, ArCH2Ar), 4.99-5.07 (m, 8H, CH2=C), 
5.77-5.94 (m, 4H, C=CH-C), 6.63-6.69 (m, 3H, ArH), 6.80-6.89 (m, 9H, ArH), 6.97-7.07 (m, 
8H, ArH), 7.68-7.71 (m, 4H, phthalimide ArH), 7.85-7.88 (m, 4H, phthalimide ArH), 9.20 (s, 
2H, ArOH), 9.39 (s, 2H, ArOH), 9.59 (s, 1H, ArOH), 9.66 (s, 1H, ArOH) (n-hexane, ethyl 
acetate and water signals were not removed even after heating the product under vacuum at 
100 °C).* 
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25,27-Diallyloxy-26,28-diacetoxycalix[4]arene – 21 
To a stirring solution of 25,27-diallyloxy-26,28-dihydroxycalix[4]arene 
12 (200 mg, 0.400 mmol) and triethylamine (1.00 mL, 7.20 mmol) and 
DMAP (5 mol%) in dry DCM (5 mL) at 0 °C, was gently added acetic 
anhydride (0.680 mL, 7.20 mmol). The reaction was then warmed up to 
the room temperature and left for stirring for 15 hours. The reaction was 
washed with 10 mL of NaHCO3 (saturated solution), extracted with DCM (3×50 mL) and 
ultimately washed with 1 M HCl (50 mL). The organic phase was dried over anhydrous MgSO4 
and the solvent was removed under the reduced pressure. The crude was purified with a column 
chromatography (10% EtOAc/ petroleum ether) to yield a colorless foam-like solid (100 mg, 
43%). The spectral data were correlated with that from literature.63 Mp 211 °C; Rf=0.46 (25% 
EtOAc/Petroleum ether); 1H-NMR (300 MHz, CDCl3) δ ppm 1.52 (s, 3H, CH3-C), 1.89 (s, 3H, 
CH3-C), 3.21 (d, J=13.2 Hz, 2H, ArCH2Ar), 3.57 (d, J=13.2 Hz, 2H, ArCH2Ar),  3.89 (d, 
J=13.2 Hz, 4H, ArCH2Ar), 4.12-4.21 (m, 2H, OCH2-C), 4.26-4.35 (m, 2H, OCH2-C), 5.24-
5.37 (m, 4H, CH2=C), 6.06-6.19 (m, 2H, C=CH-C), 6.66-7.32 (m, 12H, ArH). 
25,27-Diallyloxy-26,28-dihydroxy-5,17-dinitrocalix[4]arene – 24 
To a stirring solution of 25,27-diallyloxy-26,28-dihydroxycalix[4]arene 
12 (1.00 g, 1.98 mmol) in DCM/AcOH (9 mL:12 mL) was added HNO3 
(70%, 2.25 mL, 35.5 mmol) dropwise at –10 °C. After 35 minutes, the 
reaction was poured into an ice/water beaker and then transferred to a 
separation funnel wherein the organic layer was separated. Then the 
aqueous layer was washed with DCM (5×50 mL) in order to extract the 
rest of our product. The combined organic phase was dried over anhydrous MgSO4 and to that 
was added toluene (5 mL) as an azeotrope in order to remove the residual acetic acid. The 
solvent was removed under the reduced pressure and the resulting orange crude was purified 
with a column chromatography (50% DCM/petroleum ether) to afford a pale yellow solid    
(630 mg, 53%). Mp 215 °C DEC; Rf=0.31 (25% EtOAc/Petroleum ether); 1H-NMR (300 MHz, 
CDCl3) δ ppm 3.52 (d, J=13.2 Hz, 4H, ArCH2Ar), 4.3 (d, J=13.2 Hz, 4H, ArCH2Ar), 4.59 (dt, 
J=5.1, 1.5 Hz, 4H, OCH2-C), 5.48 (dd, J=10.8, 1.2 Hz, 2H, CH2=C), 5.78 (dd, J=17.4, 1.5 Hz, 
2H, CH2=C), 6.21-6.33 (m, 2H, C=CH-C), 6.86 (t, J=7.5 Hz, 2H, ArH), 6.99 (d, J=7.5 Hz, 2H, 
ArH), 8.05 (s, 4H, ArH), 9.18 (s, 2H, ArOH) (Water signal was not removed even after heating 
the product under vacuum at 100 °C). 13C-NMR (75 MHz, CDCl3) δ ppm 31.3 (4 × ArCH2Ar), 
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76.5 (2 × OCH2-C), 118.5 (2 × CH2=C), 124.5 (4 × CArH), 126.0 (2 × CArH), 128.2 (4 × CArC), 
129.6 (4 × CArH), 131.8 (2 × C=CH-C), 132.0 (4 × CArC), 139.8 (2 × CArN), 151.4 (2 × CArOC), 
159.4 (2 × CArO). 
FT-IR (ATR) cm–1: 3083 (s, Aromatic C-H stretch), 2928 (m, Aliphatic C-H stretch), 1506 (s, 
Asymmetric N-O stretch), 1441 (m, C=C stretch), 1331 (s, Symmetric N-O stretch), 1275 (m,        
C-O stretch), 977 (s, C–H oop bend), 938 (m, C–H oop bend). 
HRMS-TOF MS ESI+: m/z [M+NH4]+ calculated for C34H34N3O8 612.2346 Da; found:        
612.2336 Da. 
11,23-Diallyl-25,26,27,28-tetrahydroxy-5,17-dinitrocalix[4]arene – 25 
25,27-diallyloxy-26,28-dihydroxy-5,17-dinitrocalix[4]arene 24     
(610 mg, 1.00 mmol) was heated at 150 °C under argon in diphenyl 
ether (10 mL) for 4 hours. Thereafter the reaction was cooled down to 
room temperature and triturated with petroleum ether (100 mL) which 
resulted in the appearance of some dark violet crude. The crude then 
was filtered off and the remaining solid dissolved in DCM (100 mL) 
and dried over anhydrous MgSO4. The DCM was removed under the reduced pressure and the 
crude left was purified via a column chromatography (75% DCM/petroleum ether) to afford a 
pale pink solid (440 mg, 72%). Mp 205 °C DEC; Rf=0.15 (25% EtOAc/Petroleum ether);       
1H-NMR (300 MHz, CDCl3) δ ppm  3.24 (d, J=6.6 Hz, 4H, ArCH2-C), 3.65 (br. s, 4H, 
ArCH2Ar), 4.25 (br. s, 4H, ArCH2Ar), 5.04-5.06 (m, 2H, CH2=C), 5.08-5.11 (m, 2H, CH2=C), 
5.79-5.93 (m, 2H, C=CH-C), 6.98 (s, 4H, ArH), 8.0 (s, 4H, ArH), 10.13 (br. s, 4H, ArOH) 
(Water and n-hexane signals were not removed even after heating the product under vacuum 
at 100 °C). 13C-NMR (75 MHz, CDCl3) δ ppm 31.7 (4 × ArCH2Ar), 39.3 (2 × ArCH2-C), 116.5 
(2 × CH2=C), 125.0 (4 × CArH), 126.9 (4 × CArC), 129.1 (4 × CArC), 129.9 (4 × CArH), 135.2 
(2 × CArC), 136.9 (2 × C=CH-C), 142.2 (2 × CArN), 146.5 (2 × CArO), 155.0 (2 × CArO). 
FT-IR (ATR) cm–1: 3228 (b, O-H stretch), 1513 (s, Asymmetric N-O stretch), 1447 (m, C=C 
stretch), 1332 (s, Symmetric N-O stretch), 1264 (m, C-O stretch), 912 (s, C–H oop bend), 739 
(m, C–H oop bend). 
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11,23-Diallyl-25-mono-phthalimidebutoxy-26,27,28-trihydroxy-5,17-
dinitrocalix[4]arene – 26 
To a suspension of 11,23-diallyl-25,26,27,28-tetrahydroxy-5,17-
dinitrocalix[4]arene 25 (290 mg, 0.480 mmol) and NaI (70.0 mg,           
0.480 mmol) and anhydrous K2CO3 (270 mg, 1.92 mmol) in 
acetonitrile (6 mL), was added N-(4-bromobutyl)phthalimide 4b    
(160 mg, 0.580 mmol) and the mixture was heated under reflux for 15 
hours under argon. Then the reaction was cooled down and the solvent 
was removed under the reduced pressure. The remaining solid 
material was transferred into a separation funnel and washed with 1 M HCl (50 mL) and then 
re-extracted by DCM (5×50 mL). The resulting crude was purified via flushing with DCM in 
a short column chromatography to afford a pale pink solid (270 mg, 71%). Mp 181 °C DEC; 
Rf=0.69 (25% EtOAc/Petroleum ether); 1H-NMR (300 MHz, CDCl3) δ ppm 2.17-2.25 (m, 4H, 
C-CH2-C), 3.23 (d, J=6.6 Hz, 4H, ArCH2-C), 3.51 (d, J=4.4 Hz, 2H, ArCH2Ar), 3.55 (d,     
J=4.4 Hz, 2H, ArCH2Ar), 3.93 (t, J=6.3 Hz, 2H, C-CH2N), 4.19-4.37 (m, 6H, ArCH2Ar and 
OCH2-C), 5.03-5.05 (m, 2H, CH2=C), 5.07-5.10 (m, 2H, CH2=C), 5.80-5.93 (m, 2H,        
C=CH-C), 6.92 (d, J=2.1 Hz, 2H, ArH), 6.96 (d, J=2.1 Hz, 2H, ArH), 7.70-7.72 (m, 2H, 
phthalimide ArH), 7.85-7.88 (m, 2H, phthalimide ArH), 7.92 (s, 2H, ArH), 7.94 (s, 2H, ArH), 
8.66 (s, 2H, ArOH), 10.06 (s, 1H, ArOH) (Water signal was not removed even after heating 
the product under vacuum at 100 °C). 13C-NMR   (75 MHz, CDCl3) δ ppm 25.3 (CH2-C), 27.4 
(CH2-C), 31.6 (2 × ArCH2Ar), 32.0 (2 × ArCH2Ar), 37.5 (2 × ArCH2-C), 39.3 (C-CH2N), 77.3 
(OCH2-C), 116.1 (2 × CH2=C), 123.5  (2 × CArH), 124.9 (CArH), 125.0 (CArH), 126.8 
(phthalimide CArH), 127.0 (phthalimide CArH), 129.2 (2 × CArC), 129.5 (4 × CArC), 129.6 (4 × 
CArH), 132.2 (2 × CArC), 133.6 (2 × phthalimide CArH), 134.2 (2 × phthalimide CArH), 135.9 
(2 × CArC), 137.3 (2 × C=CH-C), 142.1 (CArN), 145.2 (CArN), 148.9 (CArO), 155.3 (CArO), 
156.5 (CArOC), 168.7 (2 × C=O).  
FT-IR (ATR) cm–1: 3339 (b, O-H stretch), 1708 (s, Phthalimide C=O stretch), 1521 (s, 
Asymmetric N-O stretch), 1341 (s, Symmetric N-O stretch). 
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11,23-Diallyl-25-mono-phthalimidebutoxy-26,27,28-trihydroxy-5,17-
diaminocalix[4]arene – 27 
To a mixture of 11,23-diallyl-25-mono-phthalimidebutoxy-26,27,28-
trihydroxy-5,17-dinitrocalix[4]arene 26 (440 mg, 0.550 mmol) and 
Iron powder (610 mg, 11.0 mmol) was added 1 M HCl solution in 
EtOH/THF (volume ratio: 1:1) (11 mL). The mixture was then heated 
under reflux for 15 hours under argon and cooled down to room 
temperature. The solvent was removed under the reduced pressure 
and the resulting crude was basified with a buffer solution with 
pH=9.6 (prepared by mixing 100 mL of the 0.05 M solution of NaHCO3 and 10 mL of the      
0.1 M solution of NaOH). To the basified mixture was added DCM (200 mL) and eventually 
everything was passed through a sintered funnel filled with Celite. The filtrate was dried over 
anhydrous MgSO4 and the solvent was removed under the reduced pressure. The yellow-green 
crude was purified with a column chromatography (1% EtOH/DCM) to yield of a yellow foam-
like solid (260 mg, 62%). Mp 168 °C; Rf=0.18 (1% EtOH/DCM); 1H-NMR (300 MHz, CDCl3) 
δ ppm 2.05-2.20 (m, 4H, C-CH2-C), 3.19-3.51 (m, 8H, ArCH2Ar and ArCH2-C), 3.85-3.96 (m, 
2H, C-CH2N), 4.08-4.26 (m, 6H, ArCH2Ar and OCH2-C), 5.03-5.10 (m, 4H, CH2=C), 5.83-
5.98 (m, 2H, C=CH-C), 6.32 (s, 2H, ArH), 6.34 (s, 2H, ArH), 6.82 (s, 2H, ArH), 6.88 (s, 2H, 
ArH), 7.53-7.63 (m, 2H, phthalimide ArH), 7.74-7.82 (m, 2H, phthalimide ArH), 7.92 
(Unknown impurity), 9.09-9.35 (sp. s,nn 3H, ArOH) (n-hexane signal was not removed even 
after heating the product under vacuum at 100 °C). 13C-NMR (75 MHz, CDCl3) δ ppm 25.2 
(CH2-C), 27.1 (CH2-C), 31.4 (2 × ArCH2Ar), 31.9 (2 × ArCH2Ar), 37.5 (ArCH2-C), 39.1 
(ArCH2-C), 39.3 (C-CH2N), 76.2 (CH2), 76.5 (OCH2-C), 115.2 (2 × CH2=C), 115.5 (CArH), 
115.6 (CArH), 115.7 (CArH), 115.8 (CArH), 123.1 (2 × phthalimide CArH), 124.5 (Ar), 126.6 
(Ar), 128.0 (Ar), 128.1 (Ar), 128.3 (Ar), 128.6 (Ar), 128.7 (Ar), 128.9 (Ar),  129.3 (Ar), 129.7 
(Ar), 131.5 (Ar), 131.9 (Ar), 132.5 (Ar),  133.7 (Ar), 134.4 (Ar), 137.5 (Ar), 137.9 (Ar), 140.1 
(Ar),  141.6 (Ar), 143.6 (Ar), 148.7 (CArO), 149.4 (CArOC), 155.8 (CArO), 168.4 (2 × C=O).  
FT-IR (ATR) cm–1: 3222 (b, O-H stretch), 2932 (b, Aliphatic C-H stretch), 1768 (m, 
Phthalimide asymmetric C=O stretch), 1704 (s, Phthalimide symmetric C=O stretch), 1603 (m, 
N-H bend), 1212 (m, C-O stretch), 909 (s, C–H oop bend), 852 (m, C–H oop bend). 
 
nn It is a split singlet. 
Stellenbosch University https://scholar.sun.ac.za
120 | P a g e  
 
HRMS-TOF MS ESI+: m/z [M+H]+ calculated for C46H46N3O6 736.3387 Da; found:     
736.3392 Da. Also: 368.6735 Da (double-charged ion). 
11,23-Diallyl-25-mono-phthalimidebutoxy-26,27,28-triacetoxy-5,17-dinitrocalix[4]arene 
– 30   
Acetic anhydride (0.580 mL, 6.12 mmol) was added gently to a 
solution of 11,23-diallyl-25-mono-phthalimidebutoxy-26,27,28-
trihydroxy-5,17-dinitrocalix[4]arene 26 (270 mg, 0.340 mmol) and 
triethylamine (0.850 mL, 6.12 mmol) and DMAP (5 mol%) in dry 
DCM (4.5 mL) at 0 °C. The reaction was then warmed up to the 
ambient temperature and left for stirring for 15 hours. Afterward the 
reaction was transferred into a separation funnel and first washed with 
50 mL of NaHCO3 (saturated solution), extracted with DCM (5×50 mL) and ultimately washed 
with 1 M HCl (50 mL). The organic layer was dried over anhydrous MgSO4 and the solvent 
was removed under the reduced pressure. The crude was purified with a column 
chromatography (25% EtOAc/ petroleum ether) yielded a white-yellow foam-like solid        
(200 mg, 68%). Mp 136 °C; Rf=0.61 (25% EtOAc/Petroleum ether); 1H-NMR (300 MHz, 
CDCl3) δ ppm 1.42 (s, 3H, COOCH3), 1.57 (s, 6H, COOCH3), 1.61-1.69 (m, 4H, C-CH2-C), 
3.20 (d, J=6.6 Hz, 4H, ArCH2-C), 3.64-3.91 (m, 12H, ArCH2Ar, C-CH2N, and OCH2-C), 4.99-
5.07 (m, 4H, CH2=C), 5.76-5.89 (m, 2H, C=CH-C), 6.83 (s, 2H, ArH), 6.99 (s, 2H, ArH), 7.74-
7.77 (m, 2H, phthalimide ArH), 7.86-7.89 (m, 2H, phthalimide ArH), 7.90 (s, 2H, ArH), 7.91 
(s, 2H, ArH) (n-hexane and glacial acetic acid signals were not removed even after heating the 
product under vacuum at 100 °C). 13C-NMR (75 MHz, CDCl3) δ ppm 20.1 (3 × CH3-C), 25.2 
(CH2-C), 27.2 (CH2-C), 37.4 (ArCH2-C), 37.5 (ArCH2-C), 37.6 (C-CH2N), 39.3 (4 × 
ArCH2Ar), 71.1 (OCH2-C), 116.8 (2 × CH2=C), 123.6 (2 × CArH), 124.0 (2 × CArH), 125.4 (2 
× phthalimide CArH), 129.4 (4 × CArH), 130.3 (2 × phthalimide CAr=CAr), 131.4 (4 × CArC), 
132.0 (2 × CArC), 132.3 (2 × phthalimide CArH), 134.4 (2 × CArC), 135.1 (C=CH-C), 135.5 
(C=CH-C), 136.5 (CArC), 137.2 (CArC), 142.7 (CArOC=O), 144.7 (CArN), 146.3 (CArN), 153.0 
(CArOC=O), 162.2 (CArOC=O), 167.1 (CArOC), 167.6 (2 × C=O), 168.4 (3 × C-COO). 
FT-IR (ATR) cm–1: 2915 (m, Aliphatic C-H stretch), 1752 (m, Ester and phthalimide 
asymmetric C=O stretch), 1702 (m, Phthalimide symmetric C=O stretch), 1525 (s, Asymmetric 
N-O stretch), 1461 (m, C=C stretch), 1341 (s, Symmetric N-O stretch), 1187.67 (m, C-O 
stretch), 909 (C–H oop bend), 721 (C–H oop bend).  
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HRMS-TOF MS ESI+: m/z [M+NH4]+ calculated for C52H51N4O13 939.3453 Da; found:       
939.3435 Da. 
11,23-Diallyl-25-mono-phthalimidebutoxy-26,27,28-triacetoxy-5,17-
diaminocalix[4]arene – 31 
To a mixture of 11,23-diallyl-25-mono-phthalimidebutoxy-26,27,28-
triacetoxy-5,17-dinitrocalix[4]arene 30 (290 mg, 0.310 mmol) and 
Iron powder (610 mg, 11.0 mmol) was added 1 M HCl solution in 
EtOH/THF (volume ratio: 1:1) (12 mL). The mixture was then heated 
under reflux for 15 hours under argon and cooled down to room 
temperature. The solvent was removed under the reduced pressure 
and the resulting crude was basified with a buffer solution with 
pH=9.6 (prepared by mixing 100 mL of the 0.05 M solution of NaHCO3 and 10 mL of the      
0.1 M solution of NaOH). To the basified mixture was added DCM (200 mL) and eventually 
everything was passed through a sintered funnel filled with Celite. The filtrate was dried over 
anhydrous MgSO4 and the solvent was removed under the reduced pressure. The yellow-green 
crude was purified with a column chromatography (2% EtOH/DCM) to yield a yellow foam-
like solid (240 mg, 90 %). Mp 147 °C; Rf=0.46 (5% EtOH/DCM); 1H-NMR (300 MHz, CDCl3) 
δ ppm 1.26 (s, 3H, COOCH3), 1.52-1.64 (m, 4H, C-CH2-C), 1.69 (s, 6H, COOCH3), 3.17 (d, 
J=6.9 Hz, 4H, ArCH2-C), 3.50-3.82 (m, 12H, ArCH2Ar, C-CH2N, and OCH2-C), 5.01-5.07 (m,  
4H, CH2=C), 5.77-5.91 (m, 2H, C=CH-C), 6.31 (d, J=1.9 Hz, 4H, ArH), 6.75 (s, 2H, ArH), 
6.91 (s, 2H, ArH), 7.72-7.74 (m, 2H, phthalimide ArH), 7.84-7.87 (m, 2H, phthalimide ArH). 
13C-NMR (75 MHz, CDCl3) δ ppm 19.9 (3 × CH3-C), 20.4 (CH2-C), 25.4 (CH2-C), 27.0 (4 × 
ArCH2Ar), 37.6 (ArCH2-C), 37.8 (ArCH2-C), 39.4 (C-CH2N), 70.2 (OCH2-C), 76.6 (CH2), 
114.9 (2 × CH2=C), 116.2 (2 × CArH), 123.3 (2 × CArH), 128.3 (2 × phthalimide CArH), 129.3 
(4 × CArH), 132.0 (2 × phthalimide CAr=CAr), 132.2 (4 × CArC), 133.3 (2 × phthalimide CArH), 
134.1 (CArC), 134.4 (CArC), 136.4 (CArC), 136.9 (CArC), 140.3 (2 × C=CH-C), 141.4 (2 × CArC 
and CArOC=O), 143.6 (CArN and 2 × CArOC=O), 146.4 (CArN), 149.2 (CArOC), 168.3 (2 × 
C=O), 168.8 (2 × COOCAr), 169.2 (COOCAr). 
FT-IR (ATR) cm–1: 3360 (b, O-H stretch), 2905 (b, Aliphatic C-H stretch), 1743 (m, Ester and 
phthalimide asymmetric C=O stretch), 1706 (s, Phthalimide symmetric C=O stretch), 1600 (m,      
N-H bend), 1222 (m, C-O stretch), 907 (s, C–H oop bend), 719 (m, C–H oop bend).  
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HRMS-TOF MS ESI+: m/z [M+H]+ calculated for C52H52N3O9 862.3704 Da; found:     
862.3705 Da.  
Also: 661.2916 Da (minus butylphthalimide and acyl groups), 431.6887 Da (double-charged 
ion). 
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Chapter 5. Synthesis of a PSMA polymer containing a 
sulfonated calix[4]arene for hydrogel formation studies 
5.1 Chapter overview 
In this chapter, the rationale for selecting p-sulfonated calix[4]arenes as our compound of 
interest, and a brief review on its synthesis and its reported applications, will be presented. 
Then, a short section focusing on the concept of hydrogel and the requirements for its formation 
will be presented. After that, following the lessons learned from chapter 3 regarding different 
ways of modifying PSMA with functionalized calix[4]arene, a series of water-soluble 
calix[4]arene-grafted PSMAs will be synthesized. These PSMA-modified grafts will be 
investigated in terms of their ability to form a hydrogel in the presence of bis-quaternary 
amines, which are known to bind to p-sulfonated calix[4]arenes. These crosslinkers will be 
synthesized in accordance with the literature methods. Various parameters in order to facilitate 
hydrogel formation will be assessed (i.e. temperature, concentration, etc.). In the case of the 
PSMA-made grafts, failure to produce a crosslinked network resulted in several alternative 
compounds to be considered and synthesized using the same calix[4]arene scaffold. Having 
tried all these approaches for hydrogel formation, the possible reasons for the failure of these 
attempts will be thoroughly discussed.  
5.2 Study rationale  
Due to the failure of the plan to synthesize a highly functionalized mercury sensor in the 
previous chapter, it was decided to choose a simpler calix[4]arene target with an interesting 
potential application. After careful considerations, p-sulfonated calix[4]arenes were found to 
exhibit these desired features and were reportedly easy to synthesize. The following short 
review explains the synthetic methods and the common applications of this set of compounds 
through literature.     
5.3 A short review on the synthesis and applications of p-sulfonated calixarenes  
In 1984, Shinkai et al. were the first to report the successful synthesis of the sodium salt of a            
p-sulfonated calix[6]arene using concentrated sulfuric acid on calix[6]arene (Scheme 5.1). 
According to their spectral data, this compound was capable of encapsulating a naphthalene 
molecule proving its role as the first reported calix[6]arene water-soluble host.1  
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Scheme 5.1 First report on the synthesis of a p-sulfonated calixarene based on the work of Shinkai et al.1 
Two years later Shinkai et al. implemented a comprehensive study on a series of substituted 
sulfonated calix[6]arenes. The conformational status of these compounds and their aggregation 
behavior were evaluated with various analytical methods. In addition, their kinetic study 
suggested some potential for a catalysis effect of water-soluble calix[6]arenes (Figure 5.1).2  
 
Figure 5.1 p-sulfonated calix[6]arene library used for catalysis study based on the work of Shinkai et al.2 
In 1987, the same group published a paper on the sulfonation of plain calixarenes for 
calix[4]arene, calix[6]arene and even calix[8]arene. (Scheme 5.2).3  
 
Scheme 5.2 Synthesis of a series of the p-sulfonated calixarene based on the work of Shinkai et al.3 
More interestingly, in 2003 Kumar et al. suggested a Shinkai-like approach for ipso-sulfonation 
of tertiary butylated calixarenes. This approach made the one-pot synthesis of these compounds 
possible with no need for a pre-de-butylation (Scheme 5.3).4  
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Scheme 5.3 The approach to synthesize p-sulfonated calixarene via ipso-sulfonation based on the work of           
Kumar et al.4 
In this later approach, apart from employing different types of calixarenes (para butylated or 
plain) and the cavity size (n=4, 6 or 8), overall the calixarene should be heated at 70-80 °C in 
concentrated sulfuric acid, until there is no water-insoluble material left. Then the acidic crude 
should be neutralized with a Ba2+ source to precipitate BaSO4, and the filtrate basified with a 
Na+ source, triturated with ethanol to afford the desired sodium salt of p-sulfonated calixarene 
in an appropriate yield.  
There have been many applications of p-sulfonated calixarenes and their derivatives.                   
p-Sulfonated calixarenes have been used as biological catalysts,5 doping agents for 
polymerizations,6 for preparation of potentiometric sensors7 and even for autopolymerization 
of pyrrole.8 Regardless of these applications, p-sulfonated calixarenes are renowned for their 
notable ability for forming inclusion complexes with cations and even neutral molecules. This 
feature, in conjunction with their water-solubility, has made them one of the more important 
receptors in supramolecular science.9 An early example of this kind of complexation was a 
report by Shinkai et al. investigating the interaction of Ce3+ and p-sulfonated calix[4]arene in 
an alkaline environment (color change from colorless to red-brown), and the calculation of its 
stability constants using UV-Vis experiments.10  
 Later Dalgarno and Raston used the same sulfonated calix[4]arene, not only with Ce3+, but 
also with other lanthanides (Nd3+, Sm3+, and Eu3+) for capturing a [2.2.2]-cryptand at an acidic 
pH. It was the first time that a [2.2.2]-cryptand was encapsulated by calixarenes in the solid 
state and it was found to form a two dimensional bi-layer coordination polymer (Scheme 5.4).11 
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Scheme 5.4 [2.2.2]-cryptand solid state encapsulation by p-sulfonated calix[4]arene in the presence of 
lanthanides, based on the work of Dalgarno and Raston11 
Other coordination polymers were also synthesized in a similar manner, for example, Ma and 
Yang reported a couple of coordination polymers made up of sulfonated calix[4]arene and 
bis(triazolyl) ligands with Cu(II).12  
In the same respect, Thuery’s work on complexation of uranyl and other lanthanides cations 
with the same calix[4]arene is also worth mentioning. As a continuation of Shinkai’s work on 
producing uranophilic calixarenes,13 these were the first examples of the p-sulfonated 
calixarene uranyl complexes.14  
The complexation of L-α-aminoacids with water-soluble calix[4]arenes (including SO3H, 
COOH functionalities) has also been investigated. For example, a comprehensive study was 
published by Sciotto and co-workers, using 1H-NMR spectroscopic titrations in D2O at pD=7.3 
(phosphate buffer) to determine the binding constants. Plotting the chemical shift change versus 
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concentration enabled them to obtain the binding constants values. For the most part, obtaining 
relatively large values for these constants proved the strong interaction between the 
calix[4]arene hosts and their L-α-aminoacids guests oo (Figure 5.2).15  
 
Figure 5.2 A: Water-soluble calix[4]arene library studied by 1H-NMR spectroscopic titrations for complexation 
purposes; B: L-α-aminoacids for 1H-NMR spectroscopic titrations with water-soluble calix[4]arenes based on 
the work of Sciotto and co-workers15  
Later the same group published an article regarding the binding behavior of neutral molecules 
with the same calix[4]arenes using similar analytical methods. Like their previous paper, large-
value binding constants were acquired for most calix[4]arene-neutral molecule complexes as 
an indication of the strong interaction between the host and the guest.16   
Of greater interest to us though was the reported complexation of p-sulfonated calixarenes with 
quaternary ammonium groups, and their ability to form supramolecular amphiphiles. One of 
the first reported studies was by the Nobel prize-winning chemist, Jean-Marie Lehn, who 
studied the interactions of acetylcholine, choline and a series of other quaternary ammonium 
groups on sulfonated versions of calix[4]arene and calix[6]arene. The association constants 
determined for acetylcholine and choline were interestingly close to the values taken from the 
recognition sites in living tissues.17 A similar approach was used by Wang and Liu in order to 
evaluate the molecular binding behavior of several sulfonatocalixarenes with 5,6-
dihydropyrazion[1,2,3,4-lmn][1,10]phenanthroline-4,7-diium (DP2+) in both liquid and solid 
states (Figure 5.3A).18 In another report, Liu et al. studied the effect of viologen guestspp on       
p-sulfonated calix[4]arene. It was found that benzyl viologen formed a polymeric capsule with 
 
oo In the 1H-NMR spectra, the guest protons dramatically shifted upfield as a result of the strong complexation.15    
pp Viologens are an important category of redox couples19 used for many research-related purposes such as 
producing herbicides,20 redox indication of biological systems,21 zeolite study probes,22 and several other 
applications.23,24,25 Nonetheless, their toxicity limits their uses26,27,28 and to resolve that, their inhibition through 
encapsulation by supramolecular hosts is pivotal.29,30,31,32,33   
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p-sulfonated calix[4]arene, while methyl viologen formed a 2:1 complex with its calix[4]arene 
host (Figure 5.3B).34  
 
Figure 5.3 A: Phenanthroline agents solid state study with p-sulfonated calixarene based on the work of         
Lehn et al.;18 B: Viologen-based calix[4]arene complexes based on the work of Wang and Liu34 
Finally, the last noteworthy application of sulfonated calixarenes presented in this section is in 
the formation of hydrogels as a result of their interactions (particularly non-covalent) in 
solution with specific types of stimuli. For example, Liu et al. published a report regarding a 
fully lower rim-protected sulfonated calix[4]arene gelation phenomenon facilitated by a 
randomly modified poly(vinyl alcohol) with viologen (Figure 5.4). In short, initially, the 
amphiphilic calix[4]arene assembly turned into a spherical micelle and then the micelle 
transformed into a hydrogel by the addition of a cationic polymer gelating agent. The 
reversibility of the process was the fascinating aspect of this study. Through this research, 
heating to 75 °C resulted in a gel to sol transition (thermal stimulus) as well as using a sodium 
chloride solution (ionic strength stimulus) or adding hydrazine monohydrate (redox stimulus). 
Cooling to at least 25 °C resulted in the reverse transition (sol to gel). The resulting hydrogel 
was the first example of a hydrogel prepared involving a p-sulfonated calix[4]arene 
derivative.35  
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Figure 5.4 A: Water-soluble calix[4]arene host versus its viologen-modified polymeric guest; B: Formation of a 
hydrogel by a calix[4]arene-viologen system (this picture was taken from reference35) 
The formation of hydrogels has led to the discovery of applications in many fields, and 
interestingly, the development of hydrogels has not been limited to calixarene as other 
supramolecular systems have also been involved including cyclodextrins,36 cucurbiturils,37 and 
even crown ethers.38 Considering this background, the idea of creating a hydrogel employing 
a calix[4]arene-grafted PSMA scaffold (based on the results obtained in the previous chapters) 
will be the center of our discussion in this chapter.  Thus, for a better understanding of the 
hydrogel concept, the next section will provide the reader with some insights. 
5.4 Hydrogel: Definition, classification, and application 
In accordance with IUPAC definition, a gel is a nonfluid colloidal network or a polymer 
network which is expanded through its entire volume by a fluid.39 A hydrogel (also known as 
a hydrophilic gel) possesses a three-dimensional crosslinked network (commonly a polymer 
networkqq) capable of swelling as a result of retaining a considerable amount of water.39 The 
hydrogel concept was first introduced by Wichterle and Lím in 1960.40 Upon swelling as a 
result of water absorption, the hydrogel volume can massively increase. For example, wound-
dressing hydrogels can achieve a 90% water content (the polymer only constitutes 10% of their 
volume).41 The hydrophilicity of hydrogels is due to the existence of hydrophilic functionalities 
 
qq In case of having a colloidal network, the term aquagel can be used as well.39  
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such as amides,42 carboxylic acids,43 sulfonic acids,44 and other polar substituents45-48 (see an 
example in Scheme 5.5).     
 
Scheme 5.5 A wound-dressing hydrogel produced through a thiol–thioester exchange reaction based on the 
work of Konieczynska and Villa-Camacho49 (the picture has also been taken from reference49)  
There are numerous ways of classifying hydrogels. One of them is based on their preparation 
method which determines their polymeric composition. In this regard, hydrogels can be 
prepared as a homopolymer,50 a copolymer51 or even an inter-penetrating network (IPN)rr.52  
The second feature considered for the classification of a hydrogel is its source. The source of a 
polymer hydrogel can be a naturally-occurring polymer,53 or a synthetic polymer54 or even a 
hybrid system.55  
The third parameter used for hydrogel classification is its electric charge. A hydrogel can either 
be neutral (non-ionic),56 ionic (cationic57 or anionic58), amphoteric electrolyte (with both acidic 
and basic functionalities)59 or even zwitterionic (with both cationic and anionic functionalities 
in the polymer repeating unit).60  
The fourth way of classifying a hydrogel relies on its network morphology. Taking this 
approach, a hydrogel can be seen non-crystalline (amorphous),61 semi-crystalline (including 
both crystalline and amorphous phases)62 or crystalline.63  
 
rr According to IUPAC, an inter-penetrating network exists when a polymer comprises two or more interlaced 
networks (which are not bonded to each other covalently) and the only way to separate the networks from each 
other is through breaking their chemical bonds.39 
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The fifth factor regarding the classification of a hydrogel is its physical appearance. A hydrogel 
can be either observed as a macrosphere64 or a microsphere (also known as microgel)65 
depending on its preparation technique.   
The last, and in fact the most common method for the classification of hydrogels is the 
crosslinking approach facilitated their formation. The crosslinking can occur through a 
covalent or a non-covalent manner. The covalent crosslinking (also known as chemical 
crosslinking) is achieved via chemical reactions such as Michael addition,66 formation of Schiff 
base,67 enzyme-assisted reactions68 and many other examples.69-71 The hydrogelation process 
for the chemical hydrogel is irreversible due to the existence of permanent bonds between its 
polymer chains. The non-covalent crosslinking (also known as physical crosslinking) happens 
either as a result of the dynamic supramolecular species becoming entangled or the non-
covalent interactionsss between supramolecular polymer chains. In such a case, the crosslink 
between polymer chains is transient, and consequently the process is reversible. In addition, 
since self-assembly of the molecules is the driving force of the hydrogel formation, sol to gel 
transition does not lead to a substantial volume change (see different types of crosslinking in 
Scheme 5.6).72   
 
Scheme 5.6 Different crosslinking approaches for a supramolecular polymer in solution: a. covalent 
crosslinking for producing a chemical hydrogel. b. non-covalent crosslinking for producing a physical hydrogel 
(the scheme has been taken from the review published by Appel and Del Barrio).72  
The chemical hydrogel is useful when a hydrogel with a high degree of stability and toughness 
is required. However, for the most part, this type of hydrogel is usually non-transparent, brittle 
and incapable of self-healingtt (when the crosslink breaks) which restricts its applications.73 On 
the contrary, due to its weaker crosslinking, a physical hydrogel is not as resistant as the 
 
ss These interactions include electrostatic interaction (such as hydrogen bonding and charge transfer interaction), 
van der Waals interaction, hydrophobic interactions, and π-stacking.74 
tt Self-healing is a mechanism initiated by a material to repair its microdamage.75  
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chemical hydrogel to mechanical forces. Nonetheless, in this case, the reversibility of sol to gel 
process potentially endows the hydrogel with features like self-healing (see an example in 
Figure 5.7)36 or responsiveness to many stimuli such as pH,76 temperature77 or even shear 
forceuu.78 Due to their stimuli-responsive nature, physical hydrogels are sometimes called 
‘‘smart hydrogels’’ or ‘‘intelligent hydrogels’’ and their modeling and synthesis has been a 
subject of utmost interest for researchers.79,80 Physical hydrogels have been found useful with 
regards to drug delivery,81 tissue engineering,82 biosensing,83 and many other applications.84-88  
 
Figure 5.5 Slicing, re-joining, and finally self-healing of a β-cyclodextrin-based polymer hydrogel based on the 
work of Zhu et al.36(the picture has also been taken from reference36) 
Considering the literature example from the previous section35 and the advantages of 
employing a non-covalent approach (which have been argued in this section), a similar 
approach will be the taken in this dissertation for the production of the calix[4]arene-based 
hydrogel. In the next section, the plan and the requirements for achieving the desired hydrogel 
will be discussed.    
5.5 Chapter plan including the requirements for the hydrogel formation 
Drawing from the literature example related to the hydrogel formation,35 it was decided to 
design an experiment with similar elements (p-sulfonated calix[4]arene and a viologen salt), 
but on a new system.  
 
uu According to literature, ‘‘If a plane is passed through a body, a force acting along this plane is called a shear 
force or shearing force’’.89  
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Undoubtedly, the first requirement for the hydrogel formation is a supramolecular polymer. As 
discussed in section 5.3, numerous examples of strong complexation between p-sulfonated 
calix[4]arene and quaternary amines have been reported in literature, but none of these cases 
has ever resulted in the formation of a hydrogel.17,18,34 Obviously, a system with a low molar 
mass (such as our p-sulfonated calix[4]arene) is simply not capable of generating a massive 
crosslinked network. Thus, a supramolecular polymer version of p-sulfonated calix[4]arene is 
required. Additionally, to form the above-mentioned crosslinked network through a non-
covalent approach, a crosslinker is necessary to make the polymer chains link to one another 
through strong inter-molecular forces.vv In this case, with regards to Liu’s paper20 and other 
literature reports on strong complexation of quaternary-amines (especially the viologen 
derivatives) with p-sulfonated calix[4]arene,17,18,34,90,91 one or a series of quaternary amines can 
be examined in our experiments as potential crosslinkers.ww  
Considering all these requirements, the new system was designed which involved a PSMA-
grafted version of the p-sulfonated calix[4]arene with a  primary-amine tether (based on the 
model mono-substituted calix[4]arene-grafted PSMA made in chapter 3, but with sulfonate 
groups solubilizing it in water).xx Then, instead of using a water-soluble viologen-grafted 
polymer (the gelating agent), an aqueous solution of a viologen salt would be added to a highly-
concentrated solution of the water-soluble polymeric calix[4]arene to facilitate the hydrogel 
formation. The purpose of this study was to see if it would be possible to achieve crosslinking 
using a water-soluble calix[4]arene-grafted PSMA in the presence of a chemical stimulus (here 
the viologen salt) (Figure 5.6). To do so, a primary amine-tethered sulfonated calix[4]arene 
should be synthesized and later modified with PSMA to form a water-soluble graft.yy Second, 
 
vv Regarding Liu’s paper, in addition to the electrostatic interaction between the cationic moiety (viologen group) 
and the anionic moiety (sulfonate functionalities), it seemed that the π-stacking interaction between the 
calix[4]arene ring and the viologen conjugated system also played a major role in facilitating the hydrogel 
formation.35  
ww As was the case in section 5.3, the strong complexation of p-sulfonated calix[4]arenes and viologen derivatives 
has been verified by the literature examples using 1H-NMR spectroscopic titration studies.90,91  
xx In accordance with literature, due to its hydrophobic nature, PSMA is not capable of forming a hydrogel unless 
it is modified with hydrophilic groups.92,93  
yy The direct sulfonation of a p-t-butylated calix[4]arene-grafted PSMA (the model graft made in chapter 3) to 
achieve the desired p-sulfonated calix[4]arene-grafted PSMA was not a viable option. It was due to the harsh 
reaction conditions (using concentrated sulfuric acid) which would certainly result in the uncontrolled over-
sulfonation of every subunit of the polymer (even the styrene units) and more importantly the decomposition of 
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by a series of bis-quaternary amines (preferably the viologen derivatives) must be prepared in 
accordance with the literature-based approaches. Finally, the hydrogel formation employing 
the water-soluble grafts and the bis-quaternary amines will be put to the test. 
 
Figure 5.6 Crosslinking between PSMA chains through the encapsulated units of amines (B.Q.A: bis-quaternary 
amine) 
5.6 Synthesis of a primary-amine tethered p-sulfonated calix[4]arene    
The model study performed in chapter 3 indicated that PSMA could achieve the highest degree 
of modification upon grafting with mono-substituted butylamine-tethered p-t-butyl-
calix[4]arene 10b (78% in glacial acetic acid and 32% in DMF). Following the same pattern, 
the p-sulfonated version of the same calix[4]arene was targeted to be synthesized.  
As discussed earlier, there were two options for the synthesis of a sulfonated calixarene:                    
1) sulfonation of a de-butylated calixarene, or 2) ipso-sulfonation of a p-t-butylated calixarene. 
Due to the shorter synthetic route for ipso-sulfonation, the second approach was chosen for 
making our desired target molecule. In addition, in accordance with the results taken from 
chapters 2 and 3, compound 10b (the monofunctionalized amine-tethered t-butylated 
calix[4]arene with butyl spacer) was chosen for the sulfonation reaction. 
The original approach to make a sulfonated calixarene was Shinkai’s method.1 The first 
involved heating the calixarene in concentrated sulfuric acid at a temperature range between 
70-80 °C until an aliquot taken from the reaction was found completely water-soluble (the 
starting material was highly insoluble in water). Then after cooling, the acid was neutralized 
 
the polymeric backbone. This is why it was necessary for the sulfonate groups to be introduced before the 
calix[4]arene attachment onto PSMA.        
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by a basic Ba2+ source (BaCO3 or Ba(OH)2.8H2O) to form insoluble BaSO4 which was removed 
from the water-soluble product (the newly-formed p-sulfonated calixarene) via suction 
filtration. Thereafter, the barium salt of the p-sulfonated calix[4]arene (in the filtrate) 
underwent a metal exchange upon adding a Na+ source (Na2CO3 or NaOH) until 8<pH<9. The 
aqueous phase was dried in vacuo and the resulting solid dissolved in the minimum amount of 
water. To this solution, was added ethanol to afford a sodium salt of p-sulfonated calixarene.  
As expected, for neutralizing x mmol of sulfuric acid, x mmol of Ba2+ should be used. In 
practice, 0.300 mmol of amine-tethered t-butylated calix[4]arene 10b (220 mg) was heated in 
36.0 mmol of concentrated sulfuric acid (2.00 mL) at 70 °C for 24 hours. After cooling, in 
order to neutralize the acid, 36.0 mmol of Ba(OH)2.8H2O was added. After that, the insoluble 
BaSO4 was removed by way of filtration and the aqueous phase was basified with a Na+ source. 
Many different attempts, using both solid and solution forms of both NaOH and Na2CO3, still 
resulted in 3-5 grams of salt being produced after trituration with ethanol (Scheme 5.7). The 
yield was always more than 100%, suggesting a work-up problem for the basification step. It 
demonstrated that the material obtained was predominantly an inorganic salt as no important 
analytical data was acquired from 1H-NMR spectroscopy and HRMS.    
 
Scheme 5.7 Failed attempt to produce an amine-tethered p-sulfonated calix[4]arene, followed by an aqueous    
work-up 
Thus, another approach was sought to sulfonate our calix[4]arene; however, most literature 
examples were associated with an aqueous work-up procedure similar to Shinkai’s 
approach.94,95,96 Of interest to us was that, Da Silva and Coleman have reported a sulfonation 
reaction in which several mono-alkylated calix[4]arenes were heated in sulfuric acid, and the 
compounds undergoing a sulfonation reaction at 50 °C overnight, with the products being 
precipitated using cold diethyl ether (yields>80%).97 This approach appeared to work in our 
hands, producing an 86% yield for the desired p-sulfonated calix[4]arene, proving the 
advantage of employing a non-aqueous work-up over an aqueous one. To improve the yield 
even more, the temperature was decreased to room temperature and the reaction was stopped 
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after 17 hours (decreasing the possibility of the product decomposition under harsh acidic 
conditions). This time an excellent yield (95%) for the product was achieved (Scheme 5.8). 
 
Scheme 5.8 The final approach to synthesize the desired amine-tethered p-sulfonated calix[4]arene (33) 
FT-IR spectrum revealed the existence of two very strong stretches at 1151 cm–1 and              
1116 cm–1 respectively, for the asymmetric and symmetric stretching modes of S=O groups, 
suggesting the successful sulfonation of our calix[4]arene. 
In the 1H-NMR spectrum of the product (Figure 5.7), the most important indication thus 
confirming the synthesis of the desired product was the disappearance of the tertiary butyl 
signals, the successful de-butylation by the sulfonate groups. In addition, dramatic peak-
broadening, especially in the aliphatic region, confirmed the strong hydrogen-bonding caused 
by the sulfonic acid groups. This phenomenon complicated the interpretation of the aliphatic 
region of the spectrum, making the precise assignments of the signals to the compound protons 
almost impossible, which is why the aromatic region was the main focus of this analysis. The 
presence of three aromatic signals at 7.02 ppm (2H), 7.06 ppm (4H),zz and 7.08 ppm (2H) 
proved the dissymmetry caused by the existence of the tether, as another indication for the 
successful synthesis of our desired product. However, due to the imperfect NMR spectral 
results, HRMS data would be required as compelling evidence for further confirmation of 
compound 33’s existence.   
Fortunately, HRMS data showed a species with molecular ion of 816.0772 Da (the calculated 




zz Apparently, due to some conformational issue for the product, two of the signals (each one with two protons) 
merged with each other and showed up as one signal (with four protons). The conformational status of this 
compound will later be explained in detail in section 5.10.  
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Figure 5.7 1H-NMR spectrum (in D2O) for the desired amine-tethered p-sulfonated calix[4]arene (33) 
5.7 Synthesis of the bis-quaternary ammonium salts as crosslinkers 
Simulating the viologen moiety of Liu’s study,35 (1,1'-dimethyl-[4,4'-bipyridine]-1,1'-diium 
iodide) 34 was chosen and synthesized following a literature report by Kuang and co-workers.98 
To do so, 4,4’-bipyridine and a large excess of iodomethane were mixed together in dry 
acetonitrile and heated under reflux overnight to produce the desired methyl viologen salt 
(96%) (Scheme 5.9). This reagent was later utilized as a titrating agentaaa and not for the actual 
hydrogel formation study. It was due to some literature evidence which suggested that methyl 
viologen monomer could produce a complex with p-sulfonated calix[4]arene with a far smaller 
binding constant than its corresponding dimer did. The 1H-NMR spectral data ascribed this 
matter to the axial orientation of the methyl group of the viologen monomer upon immersing 
into the p-sulfonated calix[4]arene cavity.90,99 As another piece of evidence to support this 
notion, Liu et al. also claimed that methyl viologen 34 could only form a simple host-guest 
 
aaa In the following sections, several 1H-NMR spectroscopic titration experiments were conducted to determine 
the real degree of functionalization of our polymers after reaction with the amine-tethered p-sulfonated 
calix[4]arene (33), when  FT-IR spectroscopy failed to indicate those values accurately. 
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complex with p-sulfonated calix[4]arenes, while it was unable to form part of any 
supramolecular polymer in its monomeric form.34  
 
Scheme 5.9 Synthesis of the bis-quaternary amine 34 based on the work of Kuang and co-workers98 
As mentioned earlier, the dimerized version of the viologen salts has shown potential in 
forming strong intermolecular interactions with p-sulfonated calix[4]arenes. As an example, a 
paper by Liu et al. described some exciting finding of the supramolecular polymerization of a 
bis-p-sulfonated calix[4]arene upon complexation with a dimerized methyl viologen 
possessing an ethyl bridge, namely 36 (Scheme 5.10).90  
 
Scheme 5.10 Supramolecular polymer construction using a bis p-sulfonated calix[4]arene and a viologen dimer 
(the right-hand side structure was taken from reference90) 
This work suggested that to achieve hydrogel formation for our system, a diammonium species 
with a longer spacer could also be employed. Thus, as our first crosslinker, compound 36 
(which is the dimerized version of the methyl viologen salt 34 was synthesized. To do so, 4,4'-
bipyridine was first dimerized through an ethyl linker chain using 1,2-dibromoethane in DMF, 
following the approach reported in literature to form the dimer 35 (1,1''-(ethane-1,2-
diyl)bis(([4,4'-bipyridin]-1-ium)) bromide) in 20% yield (Scheme 5.11).100  
Thereafter, the methylated version of the dimer 36 (1',1'''-(ethane-1,2-diyl)bis(1-methyl-[4,4'-
bipyridine]-1,1'-diium) dibromide diiodide) was synthesized using an excess of iodomethane 
in DMF in an excellent yield (94%), exactly as the literature-based method suggested (Scheme 
5.12).90 
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Scheme 5.11 Synthesis of the dimer 35 based on the work of Summers et al.100  
 
 
Scheme 5.12 Synthesis of the dimer 36 based on the work of Liu et al.90  
Another study by the same researchers on another bis-p-sulfonated calix[4]arene, utilizing a 
dimerized methyl viologen with a much longer bridge, also demonstrated the construction of a 
supramolecular polymer (Scheme 5.13).91 Therefore, the chain length of the bridge was also 
considered as a possibly determining factor in the hydrogel formation study and a viologen 
dimer with a longer bridge (38) was synthesized to put this effect to the test (due to the 
availability of chemicals in the lab, only a simple hexyl tether was targeted for the crosslinker 
synthesis). 
  
Scheme 5.13 Supramolecular polymer construction using a double-bridged bis p-sulfonated calix[4]arene and a 
longer-bridged viologen dimer (the right-hand side structure was taken from reference91) 
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To begin with, the dimer with a 6-member chain (1,1''-(hexane-1,6-diyl)bis(([4,4'-bipyridin]-
1-ium)) bromide 37) was synthesized under exactly the same conditions explained for the 
previous dimer. The first reaction in this matter suffered from a lower yield (49%) compared 
to the reported value in literature (75%) (Scheme 5.14).101  
The second reaction (methylation with iodomethane) was also performed according to the 
method described above to produce the novel dimer 1',1'''-(hexane-1,6-diyl)bis(1-methyl-[4,4'-
bipyridine]-1,1'-diium) dibromide diiodide 38 in a good yield (80%) (Scheme 5.15). 
 
Scheme 5.14 Synthesis of the dimer 37 based on the work of Tazuke et al.101  
 
 
Scheme 5.15 Synthesis of the dimer 38 
FT-IR spectrum revealed the most important indication for the successful methylation of the 
starting material (37) which was the existence of two medium bends characteristic for our 
product’s aliphatic methyl groups at 1349 cm–1 and 1440 cm–1.  
In the 1H-NMR spectrum (Figure 5.8), aside from the hexyl tether protons (between 1.52 ppm 
and 4.76 ppm) and the aromatic protons (between 8.56 ppm and 9.14 ppm), which were 
common for both starting material (37) and the product (38), the existence of a singlet at        
4.52 ppm was the proof for the successful methylation resulting compound  38.      
HRMS data exhibited two molecular ions: 1) a 554.1863 Da molecular ion ([M+H]+) for our 
compound molar mass without Br2I (the calculated molecular ion for that was 554.1906 Da), 
and 2) a 681.0914 Da molecular ion ([M+H]+)  for our compound molar mass without Br2 (the 
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calculated molecular ion for that was 681.0951 Da). Overall, the analytical evidence strongly 
supported the formation of bis-quaternary amine 38.  
 
Figure 5.8 1H-NMR spectrum (in D2O) for the novel viologen dimer (38) 
As alternatives, in case of the above-mentioned bis-quaternary amines failure to act as the 
crosslinkers for the p-sulfonated calix[4]arene-modified polymer, several simple aliphatic bis-
quaternary ammonium salts were also prepared.bbb For example, following an old procedure by 
Zaimis,102 bis-quaternary ammonium salts N,N,N,N′,N′,N′-hexamethylethane-1,2-diaminium 
iodide 39, 2,2'-(methylazanediyl)bis(N,N,N-trimethylethan-1-aminium) iodide 40ccc and 
N,N,N,N′,N′,N′-hexamethylhexane-1,6-diaminium iodide 41 were synthesized through heating 
their corresponding bis-tertiary amine parents with an excess of iodomethane and sodium 
 
bbb Due to forming strong complexes, these compounds had been found useful for biological purposes102 and 
catalytic studies.103   
ccc 1H-NMR spectrum suggested that the middle nitrogen for this compound did not become quaternized. An old 
report by Marxer and Miescher also confirmed the possibility of this matter.104 It might be due to the strong electric 
repulsion caused by the like charges of the quaternized terminal nitrogen atoms.     
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hydroxide under reflux in methanol (respectively 58%, 81%, and 77% yields were achieved 
respectively) (see Scheme 5.16).  
 
Scheme 5.16 Synthesis of a series of monomer bis-quaternary amines (39, 40, 41) based on the work of     
Zaimis et al.102  
The last bis-quaternary ammonium salt synthesized in this regard was N,N,N,N′,N′,N′-
hexaethylhexane-1,6-diaminium bromide 42. According to a previously reported approach by 
Bhaumik and Sasidharana, 1,6-dibromohexane and an excess of triethylamine were heated 
under reflux in dry acetone to produce the desired product in 57% yield (Scheme 5.17).103  
 
Scheme 5.17 Synthesis of the monomer bis-quaternary amine (42) based on the work of Bhaumik et al.103  
5.8 Synthesis of a water-soluble calix[4]arene-grafted PSMA 
After the successful synthesis of the desired tethered p-sulfonated calix[4]arene 33, the 
synthesis of a water-soluble calix[4]arene-grafted polymer was pursued. Thus, a series of 
PSMA grafts of the tethered p-sulfonated calix[4]arene were synthesized (Scheme 5.18). 
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Scheme 5.18 Modification of PSMA 30% (11) with an amine-tethered p-sulfonated calix[4]arene (33) 
Overall, to synthesize a p-sulfonated calix[4]arene-grafted PSMA, the tethered p-sulfonated 
calix[4]arene 33 had to be deprotonated first (since it was an amine salt) with a base in the 
reaction solvent (here DMF) via heating (75 °C). The reason for applying mild heating in the 
grafting step in DMF (as opposed to the room temperature reaction described in chapter 3 for 
the neutral amine) was to increase the degree of functionalization (in case of PSMA 30%, 
according to FT-IR spectrum, reaction at room temperature only afforded a graft with a 10% 
degree of functionalization). Thereafter, PSMA (with 30% of maleic anhydride content) 11ddd 
was added and stirred overnight (at the same temperature) to form the desired polymeric graft 
with the water-soluble calix[4]arene. The work-up for these reactions comprised of dilution of 
the reaction with water, dialysis (to remove DMF, unreacted calix[4]arene and extra base) and 
subsequently freeze-drying to afford a hygroscopic solid. Obviously, this approach resulted in 
the formation of a ring-opened product (possessing maleamic functionality with tethered           
p-sulfonated calix[4]arene as the pendant group). As learned from chapter 3, in order to 
determine the degree of functionalization for the grafts, the ring-closed versions had to be 
synthesized and analyzed via FT-IR spectroscopy (see Table 5.1 and the experimental section). 
To make the graft with ring-closed functionality (maleimide), the ring-opened compound was 




ddd As was the case in chapter 3, PSMA 30% 11 was commercially available and therefore it was not synthesized. 
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Table 5.1 FT-IR spectroscopy speculated values for functionalization degrees of PSMA 30% 11 with the   
















A30-T5-33 54 Slightly 
solublehhh 
 
In practice, the PSMA 30%-originated grafts showed poor solubility in water. In order to 
increase the water-solubility, PSMA with more maleic anhydride content was required. Thus, 
to generate a more water-soluble polymer upon grafting with p-sulfonated calix[4]arene, 
PSMA 50% (with 50% maleic anhydride content) was also synthesized and tested.  
PSMA 50% 43 was synthesized by mixing freshly distilled styrene and sublimed maleic 
anhydride (respective mole ratio: 1.0 to 1.1) in dry methyl ethyl ketone (MEK) at 65 °C using 
AIBN (2 mole % based on the monomer feed) as the free radical initiator (Scheme 5.19). The 
molar mass data were determined by GPC.iii The alternate nature of the polymer was verified 
using FT-IR and 13C-NMR spectroscopies (for more details, including the GPC elugram see 
the experimental section).  
 
Scheme 5.19 Radical polymerization for producing PSMA 50% 43  
Exactly, the same synthetic procedures used to produce PSMA 30%-originated grafts, were 
applied to PSMA50% (employing a wider range of base choices such as carbonate sources) 
 
eee In addition to the coding protocols explained in chapter 3, here, the middle letters S, T, P and C respectively 
refer to NaH, Triethylamine, K2CO3 and Cs2CO3 (the base choice) while their subscripts show their number of 
equivalents used in the reaction (q: Number of reacted maleic anhydride units). 
fff These degrees of functionalization belong to the ring-closed versions of the mentioned products. 
ggg Maximum solubility was approximately 5.0 mg/mL. 
hhh Maximum solubility was also approximately 5.0 mg/mL. 
iii Mn = 17 683 g.mol–1, Mw = 104 220 g.mol–1, Ɖ = 5.89. 
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and the desired grafts were made accordingly. This time, several grafts with notable degrees of 
solubility were obtained (see Scheme 5.20 and Table 5.2). 
 
Scheme 5.20 Modification of PSMA 50% 43 with an amine-tethered p-sulfonated calix[4]arene 33jjj 
Table 5.2 Speculated values for functionalization degrees of PSMA 50% 43 with the amine-tethered                  












A50-S10-33 46 Solublekkk 
2 Et3N 
(5.0) 




A50-T10-33 46 Soluble 
4 Et3N 
(20.0) 
A50-T20-33 71 Soluble  
5 K2CO3 
(10.0) 




A50-C10-33 30 Soluble 
 
In addition to the calix[4]arene and PSMA signals discussed in chapter 3, both grafts bore 
strong stretches between 1100 cm–1 and 1200 cm–1 on their FT-IR spectra which were 
characteristic signals for S=O for the sulfonate groups. Unlike C=O stretches, these signals 
could not provide any evidence of attachment, but only justified the water-soluble nature of the 
grafts (see an example in Figure 5.9).   
 
jjj q: Number of reacted styrene-maleic anhydride units. 
kkk Maximum solubility was approximately 50 mg/mL. 
lll Maximum solubility was approximately 5.0 mg/mL. 
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No solution analysis could be carried out for the ring-closed grafts due to their lack of solubility 
in any solvent. In addition, due to the hydrophilic nature of our ring-opened grafts and their 
poor solubility in DMF and THF (our only available size-exclusion chromatography solvent 
systems), no GPC analysis was performed on them. Consequently, the remaining solution 
analysis (including UV-Vis and NMR spectroscopies) were done for the ring-opened grafts. 
Generally in the 1H-NMR spectra (see an example on Figure 5.10), aside from the PSMA 
backbone protons and the butyl tether protons (between 0.50 ppm and 2.50 ppm), a 
characteristic signal for the calix[4]arene methylene bridges (around 4.00 ppm) together with 
aromatic protons of both calix[4]arene and styrene (between 6.00 ppm and 8.00 ppm) were 
observable.  
Very similar to the results obtained for the grafts in chapter 3 for UV-Vis spectroscopy,            
0.1 mg/mL aqueous solutions of the grafts (or their soluble fractions in water) showed an 
absorption band between 280 nm to 290 nm, indicative of the attachment of a strong 
chromophore (here p-sulfonated calix[4]arene). Finally, thermal studies (DSC) were performed 
applying the same protocols utilized in chapter 3 for determining the glass transition 
temperature and other related parameters. 
 
Figure 5.9 Overlayed FT-IR spectra for PSMA 50% 43 and a ring-opened p-sulfonated calix[4]arene-grafted 
PSMA 50% example (A50-S10-33) and its corresponding ring-closed graft (C50-S10-33) (Transmittance values 
were normalized to styrene bend at 700 cm–1, a.u: arbitrary unit)  
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Figure 5.10 A: 1H-NMR spectrum (in DMSO-d6) for PSMA 50% 43; B: An example of the 1H-NMR spectrum (in 
D2O) for a ring-opened p-sulfonated calix[4]arene grafted PSMA 50% (here A50-S10-33)mmm  
5.9 Possible applications for the water-soluble grafts  
As mentioned in the literature review section, Liu et al. suggested an approach for the 
production of a gel using a viologen-based polyvinyl alcohol and a multi-substituted                    
p-sulfonated calix[4]arene.35 In this section, our attempts at producing a gel with a similar 
approach with a p-sulfonated calix[4]arene-grafted PSMA will be evaluated.  
5.9.1 Gelation attempt on a p-sulfonated calix[4]arene-grafted PSMA 
Naturally, a bis-quaternary amine as a bidentate ligand can complex with a calix[4]arene in a 
1 to 2 ratio. That marks the maximum amount of ligand that can be accommodated by its 
calix[4]arene host, otherwise exceeding that limit will result in the calix[4]arene cavity being 
swamped by the guest and most likely undoing the interaction between the host and the guest. 
As a result of that, no hydrogel will form. Thus, the starting point for every hydrogel study 
 
mmm The interpretation of signals appearing between 3.0 to 4.5 ppm is based on the best speculation we could 
come up with (q: Number of reacted styrene-maleic anhydride units). 
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experiment should be a ratio very far from the above-mentioned 1 to 2 (e.g. 1 to 100). In 
addition, the solubility of the ring-opened grafts and the quaternary amines were considered 
before performing the experiments. All our quaternary amines were only soluble in water (they 
also showed some degree of solubility in methanol and ethanol). Out of all PSMA-based grafts, 
only a few of the PSMA 50% grafts showed significant solubility in water (the rest were only 
slightly soluble in water or alcoholic solvents), which is why it was decided that the 
experiments were only run in aqueous media.    
To determine the hypothetical number of mmols for the graft versus the number of mmols for 
the amine, firstly, the repeating unit of the grafts had to be specified individually (based on the 
degree of functionalization by the calix[4]arene). Then, the molecular weight for that repeating 
unit could be used to ascertain the number of mmols for it. Amongst all water-soluble grafts 
synthesized in this section, the PSMA 50% grafted by p-sulfonated calix[4]arene-amine (33) 
in the case of using 20 equivalents of triethylamine showed a 71% degree of functionalization 
(the maximum FT-IR spectroscopy speculated value in Table 5.2). This graft was considered 
as the best host due to the fact that approximately three out of every four of its parent styrene-
maleic anhydride units were modified by the water-soluble calix[4]arene A50-T20-33 (Figure 
5.11). For this graft, after careful calculations, the hypothetical molecular weight of the graft 
was found to be 7731.02 g/mol (with approximately 70% modification of PSMA, 7 units of 
calix[4]arene was added to 10 units of styrene-maleic anhydride). In this case, a 50.0 mg/mL 
solution of the graft (the highest concentration prepared) amounted to be 0.0450 mmol 
(effective mmol was calculated by dividing 50.0 mg by 7731.02 mg/mmol giving           
0.006467 mmol, and then multiplying that figure by 7 for the calix[4]arene units to yield  
0.0450 mmol) and obviously to test the hydrogel formation with a 2 to 1 ratio, a maximum of 
0.0225 mmol of the amine (here 38) was required. As mentioned earlier, the starting point for 
the study (host:guest ratio) was changed in a way that minimized the possibility of the 
calix[4]arene host being swamped by the amine guest. For example, the first ratio attempted 
for the graft A50-T20-43 could be 100 to 1 (0.00045 mmol of the amine should be added to 
0.0450 mmol of the graft) and then gradually after every failure the ratio was changed to 
increase the amine portion until it finally reached a system with a 2 to 1 ratio. To follow the 
literature suggestion (mentioned in section 5.7), the preferred amine source was the dimer 
possessing the longest tether possible (here compound 38). To avoid dilution of the samples 
upon addition of the amine (which might act as a counter-gelating parameter), the amine 
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solution was prepared as concentrated as possible (here 0.01 M), and as a result, only a minute 
volume of amine was added (here 2.25 μL).       
 
Figure 5.11 FT-IR spectroscopy speculated repeating unit for the ring-opened graft of amine-tethered              
p-sulfonated calix[4]arene and PSMA 50% (base choice: Et3N 20.0 equiv.)  
After all, no hydrogel formation was achieved for graft A50-T20-33 using the conditions 
explained above nor even a tangible increase in the viscosity of the solutions. Thus, various 
parameters were considered to address this. As stated before, other amine sources were also 
prepared in case the preferred crosslinker (38) would not produce a hydrogel. Therefore, in 
addition to the dimeric amines (36 and 38), the monomeric ones (39, 40, 41, and 42) were also 
employed as the alternative crosslinkers. Unfortunately, none of them produced the desired 
hydrogel sate.  
Aside from the amine concentration discussed before, the graft concentration itself could play 
a role in the failure to achieve the hydrogel. The fact of the matter was that practically the graft 
concentration could not go further than 50.0 mg/mL. As an idea, to increase the possibility of 
hydrogel formation, a polymeric film of the graft was developed by spreading the graft solution 
on a very small watch glass and slowly evaporating the solvent under the fume hood. After 
this, the quaternary amine was added onto the film surface in the previously mentioned manner. 
Unfortunately, this approach was also unable to facilitate any hydrogel formation.  
The other influential parameter studied was temperature. In accordance with the paper our 
study was based on (Liu et al.), normally hydrogel formation could happen at room 
temperature.35 Following that rule, the first option of change was from room temperature; 
therefore, cooling (down to 5 °C) and heating with sonication (up to 70 °C) were also tried to 
examine any unusual behavior of the grafts in the presence of the quaternary amine. 
Regrettably, all these preparations did not contribute to any observable crosslinking. 
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One of the other parameters whose role was considered was the pH of the aqueous solution in 
which the hydrogel formation study was conducted. Some literature suggested that the 
interaction between the amine and the p-sulfonated calix[4]arene could occur at neutral or basic 
pHs.99 Considering the Liu et al. hydrogel formation conditions, the first option attempted was 
hydrogel formation at neutral pHs.35 To do that, both de-ionized water and even phosphate 
buffer with exact pH=7 (prepared by mixing 29.1 mL of 0.1 M NaOH and 50.0 mL of                
0.1 M KH2PO4) were employed. For the basic conditions, the pH was varied from pH~10 (using 
NaHCO3 saturated solution) to pH~14 (using 2 M NaOH solution), but as was the case for the 
neutral pHs, no hydrogel formation was observed. To cover every angle on this subject, 
acidification of the graft solutions was also looked at and changing the pH from mildly acidic 
(pH~5 for NH4Cl saturated solution) to highly acidic (pH<1 for HCl 35% and H2SO4 95-97%) 
were performed. Unfortunately, in case of our graft (A50-T20-33), the graft precipitated out 
without any gel formation.   
After all these failures, it was also considered that probably the real degree to which our 
polymer (A50-T20-33) was modified did not match the FT-IR spectroscopy speculated value. 
As known, FT-IR spectroscopy could be an efficient tool for determining PSMA 
functionalization degree by amines (see the experimental section of chapters 3). However, to 
double check the accuracy of the FT-IR spectroscopy speculated value, a 1H-NMR 
spectroscopic titration experiment was designed.nnn To do so, a 50.0 mg/ml solution of the graft 
A50-T20-33 in D2O (equal to 0.0450 mmol in the FT-IR based assumption, which led us to 
believe that the hypothetical molecular weight of the graft was 7731.02 g/mol) was prepared. 
As explained in section 5.7, the methyl viologen salt 34 was used as the titrating agent to 
determine the real degree of functionalization of PSMA. Unlike other viologen salts, it only 
possessed two aromatic signals (4 protons each) and was obviously much easier to be analyzed 
after the titration with the graft.  Hence, it was decided to set up an experiment on a                          
2 to 1 mmol ratio in favor of the graft for the titration.  Thus, to maintain that ratio, versus 8 
aromatic protons of p-sulfonated calix[4]arene moiety of the graft, 4 aromatic protons of 
viologen (0.5 equivalent) had to be seen. To examine that, 112.5 μL (0.0225 mmol) from a    
0.2 M solution of methyl viologen salt 34 was added. In practice, the 1H-NMR spectral data 
 
nnn The approach taken for the non-sulfonated grafts prepared in chapter 3 cannot be used here for corroborating 
the FT-IR spectroscopy speculated degree of functionalization. Due to the massive peak-broadening in the 
aliphatic region, the methylene bridges of calix[4]arene are very difficult to be seen and analyzed. This is why a 
titration experiment targeting the aromatic region of our graft was recommended to solve this problem. 
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showed some serious deviation from the real value of functionalization degree. The 1H-NMR 
spectrum suggested that 48 aromatic protons existed for viologen in this case, suggesting that 
the real degree of functionalization must be 
1
12
 of the FT-IR spectroscopy speculated value 
which became 5.9% (all spectra can be seen in Figure 5.12). This deviation could be attributed 
to the p-sulfonated calix[4]arene effect on the baseline of PSMA FT-IR spectrum after grafting 
(probably due to its strong hydrogen bonding). Learning from this error, the real degree of 
functionalization was used for the hydrogel formation study and accordingly less amine 
solution was used. Despite adhering to the corrected value, the hydrogel formation was still not 
achieved. However, the observation of the viologen protons shifting upfield proved the 
interaction between the graft and the quaternary amine.  
 
Figure 5.12 1H-NMR spectroscopic titration (in D2O) on a p-sulfonated calix[4]arene-grafted PSMA 50%   
(A50-T20-33) using methyl viologen salt 34; A: Blank methyl viologen salt 34; B: Blank graft (A50-T20-33);        
C: methyl viologen salt 34 plus graft (A50-T20-33)ooo  
Following the same titration approach, the real degrees of functionalization were calculated for 
other grafts as well (see Table 5.3).  
 
ooo The drastic broadening of viologen aromatic signals on Figure 5.12C is more likely due to kinetics that are 
similar to the timescale of NMR acquisition. As a result, a blurry average of these aromatic signals is seen.  
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A30-S10-33 30% NAppp 
2 Et3N 
(5.0) 
A30-T5-33 30% NA 
3 NaH 
(10.0) 
A50-S10-33 50% 5.7 
4 Et3N 
(5.0) 
A50-T5-33 50% NA 
5 Et3N 
(10.0) 
A50-T10-33 50% 5.7 
6 Et3N 
(20.0) 
A50-T20-33 50% 5.9 
7 K2CO3 
(10.0) 
A50-P10-33 50% NA 
8 Cs2CO3 
(10.0) 
A50-C10-33 50% 4.8 
 
However, in the case of the grafts with poor water solubility whose 1H-NMR spectra were 
recorded in DMSO-d6, the determination of the functionalization degree via this approach was 
not possible. Those compounds could not be titrated in DMSO-d6 due to the insolubility of our 
bis-quaternary amines in that solvent, and as a result, there would be no viologen signal in their 
1H-NMR spectra to be compared with other signals of the graft (see an example in Figure 
5.13). Using a co-solvent system (e.g. DMSO-d6/D2O) did not resolve the solubility issue 
either. Overall for these grafts, there was no 1H-NMR spectroscopy approach to corroborate 
the FT-IR spectroscopy speculated functionalization degree of PSMA. 
 
Figure 5.13 An example of a 1H-NMR spectrum (in DMSO-d6) of p-sulfonated calix[4]arene-grafted PSMA 
(here A50-P10-33) 
 
ppp Not assigned, due to the impossibility of conducting 1H-NMR spectroscopic titration. 
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Owing to the failure of all hydrogel studies on the graft A50-T20-33, a hypothesis regarding the 
possible negative effect of Et3NH+ species on the encapsulation of the injected possible 
crosslinker (the bis-quaternary amine) was also considered. It was suggested that after PSMA 
grafting with p-sulfonated calix[4]arene assisted by Et3N, presumably the produced Et3NH+ 
species could be encapsulated by the calix[4]arene cavity in a way which would make further 
encapsulation of other species very difficult. The motive for this hypothesis was a paper 
published by Coleman and co-workers about the formation of a supramolecular assembly 
between p-sulfonated calix[4]arene and Et3NH+.105 Despite no triethylammonium species 
being detected in the NMR spectra of the polymers, it was put to the test. For this reason, our 
other water-soluble calix[4]arene-grafted PSMAs (produced not by Et3N, but by NaH and 
Cs2CO3) were tested for hydrogel formation using their corrected degrees of functionalization. 
However, these experiments gave the same negative results and so the failure could not be 
attributed to the possibility of triethylammonium being present. 
It must also be noted that the hydrogel formation study was not carried out on the ring-closed             
p-sulfonated calix[4]arene-grafted PSMAs owing to their extremely poor solubility in all 
solvents. Given the explained circumstances, the hydrogel formation idea was pursued through 
other approaches.   
5.9.2 Gelation attempt on a p-sulfonated calix[4]arene-grafted PVP-MA 
It was assumed that the failure of the PSMA-modified grafts to achieve gelation, could possibly 
be ascribed to their poor solubility in water (it was impossible to prepare very concentrated 
aqueous solutions of them). Therefore, it was decided that the study required some copolymer 
which could easily turn into a highly water-soluble product upon grafting with the 
calix[4]arene. Since the project was based on the succinic anhydride unit modification, a 
similar copolymer was suggested, namely poly[(N-vinylpyrrolidone)-alt-(maleic anhydride)] 
(Figure 5.14).  
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This compound was supplied to us by Dr. Rueben Pfukwa’s research group from the Polymer 
Science Division of the Department of Chemistry and Polymer Science at Stellenbosch 
University.qqq 
Following the synthetic method presented in section 5.8, the PVP-MA 50% 44 was successfully 
modified with amine-tethered p-sulfonated calix[4]arene 33 (reaction in DMF at 75 °C 
overnight) (Scheme 5.21). This time only one inorganic base, NaH, was used for the 
deprotonation of the p-sulfonated calix[4]arene-amine (Et3N was discarded to remove the 
possibility of any detrimental effect on the hydrogel formation). Additionally, as was the case 
for PSMA, the ring-closure of the graft was also attempted via heating the ring-opened one 
under reflux in glacial acetic (the analytical data for the second step; however, could not 
conclusively suggest the complete conversion of the ring-opened graft to the ring-closed one) 
(also Scheme 5.21).  
 
Scheme 5.21 Modification of PVP-MA 50% 44 with an amine-tethered p-sulfonated calix[4]arene (33)rrr  
As was the case for PSMA, PVP-MA FT-IR spectrum also showed signals corresponding to 
its succinic anhydride moiety (such as symmetric and asymmetric stretches for anhydride 
carbonyl). Even so, the N-vinylpyrrolidone moiety exhibited another stretch for a carbonyl, this 
time for the amide C=O. After modification, as was the case for PSMA, PVP-MA also revealed 
evidence of sulfonate groups via characteristic S=O stretches (see an example in Figure 5.15).   
 
qqq Its molar mass data are as determined by Dr. Pfukwa: Mn = 11 286 g.mol–1, Mw = 38 984 g.mol–1, Ɖ = 3.45. 
rrr The middle letters VP refer to N-vinylpyrrolidone (q: Number of reacted N-vinylpyrrolidone-maleic anhydride). 
Stellenbosch University https://scholar.sun.ac.za
158 | P a g e  
 
Owing to the lack of solubility in THF and DMF, PVP-MA grafts of calix[4]arene were not 
submitted for GPC analysis.  
Similar to the modified PSMA, PVP-MA modification with the calix[4]arene could be 
confirmed by the appearance of its methylene bridge in the 1H-NMR spectrum (~4 ppm), in 
addition to the presence of aromatic protons of calix[4]aren (7-8 ppm) (see Figure 5.16). 
UV-Vis spectra for the products were also obtained in water (concentration: 0.1 mg/mL) 
exhibiting an absorption band between 280 nm and 290 nm for the calix[4]arene attachment. 
DSC experiments were also performed with the protocols explained earlier in chapter 3.  
As explained in the experimental section of this chapter, the FT-IR spectroscopy speculated 
functionalization degree for our graft was 24%. Therefore, approximately only one out of every 
four N-vinylpyrrolidone-maleic anhydride unit was modified by the calix[4]arene and 
consequently the hypothetical molecular weight of the graft was found to be 4151.85 g/mol 
(with approximately 25% modification of PVP-MA, 2.5 units of calix[4]arene was added to 10 
units of N-vinylpyrrolidone -maleic anhydride) (see Figure 5.17).   
 
Figure 5.15 Overlayed FT-IR spectra for PVP-MA 50% 44 and a ring-opened p-sulfonated calix[4]arene-
grafted PVP-MA 50% example (A50-VP-S10-33) and its corresponding attempted ring-closed graft                
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Figure 5.16 A: 1H-NMR spectrum (in DMSO-d6) for PVP-MA 50% 44; B: 1H-NMR spectrum (in D2O) for   
PVP-MA modified p-sulfonated calix[4]arene ring-opened graft (A50-VP-S10-33)sss  
 
 
Figure 5.17 FT-IR spectroscopy speculated repeating unit for the ring-opened graft of amine-tethered              
p-sulfonated calix[4]arene and PVP-MA 50% (base choice: NaH 10.0 equiv.)  
However, with knowledge from the previous section, the probability of fault in the 
measurement of the degree of functionalization was considered as a serious challenge. 
 
sss The same speculation issue explained for PSMA-grafted compounds (section 5.8) regarding the aliphatic region 
interpretation is also true for PVP-MA-grafted compounds here (q: Number of reacted N-vinylpyrrolidone-maleic 
anhydride). 
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Following the same 1H-NMR spectroscopic titration approach, a 50.0 mg/mL solution of the 
graft A50-VP-S10-33 in D2O amounted to be 0.030 mmol (effective mmol was calculated by 
dividing 50 mg by  4151.85 mg/mmol, giving 0.012042 mmol and then multiplying that figure 
by 2.5 for calix[4]arene units to yield 0.030 mmol) was prepared. Then, this solution was 
titrated with   75 μL (0.015 mmol) from a 0.2 M solution of methyl viologen salt 34 to fulfill a 
2 to 1 host:guest mmol ratio. The same fault observed in measuring the functionalization degree 
of the PSMA-originated graft, occurred this time for the PVP-MA modified graft. Instead of 
witnessing 8 aromatic protons for the calix[4]arene versus 4 aromatic protons of the methyl 
viologen salt 34, 20 aromatic protons were seen for the methyl viologen salt 34. This suggested 
that our polymer had only been 4.8% modified and to achieve a 2 to 1 ratio between the graft 
and the amine, only 
1
5
 of the initial amine amount must have been added. As was the case for 
the PSMA grafts, the PVP-MA graft also made the viologen protons move upfield as an 
indication of its interaction with the quaternary amine (all spectra can be seen in Figure 5.18).    
 
Figure 5.18 1H-NMR spectroscopic titration (in D2O) on a p-sulfonated calix[4]arene-grafted PVP-MA 50% 
(A50-VP-S10-33) using methyl viologen salt 34; A: Blank methyl viologen salt 34; B: Blank graft                   
(A50-VP-S10-33); C: methyl viologen salt 34 plus graft (A50-VP-S10-33)    
Due to the extremely highly soluble nature of this ring-opened graft (A50-VP-S10-33), it was 
possible to prepare an aqueous solution with a maximum concentration of 1 g/1 mL. As an 
example, a 0.1 g/0.1 mL (1 g/1 mL) solution of the graft amounted to be 0.0191 mmol (the 
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corrected value for the degree of functionalization was used) and obviously to start the hydrogel 
formation study with a 100 to 1 ratio, 0.000191 mmol of the amine was required. As was the 
case for PSMA section, a concentrated solution of the amine had to be prepared (here 0.05 M) 
and a tiny amount of amine needed to be added (here 3.8 μL for 100 to 1 ratio). Unfortunately, 
despite employing all approaches and playing with every parameter mentioned for PSMA, the 
hydrogel formation was not achieved for this ring-opened graft either (A50-VP-S10-33).
ttt  
5.10 Possible role of the calix[4]arene conformation on the failure of hydrogel formation 
study 
The only remaining parameter which might have some effect on our gelation failure was the 
issue of conformation for our amine-tethered p-sulfonated calix[4]arene (33) and also for the 
calix[4]arene moiety of the graft. It is highly critical to know that according to some studies 
the adoption of the partial cone conformation by the calix[4]arene can lead to a significant 
decrease in its encapsulation potency toward different species.106,107 Just recently, a paper by 
Crowley and co-workers on p-sulfonated calix[4]arenes tethered with mono- and bis-
substituents of polyethylene glycol (PEG) encapsulating proteins was published. It was claimed  
in this work that in the case of the mono-substituted calix[4]arene, the graft adopted the partial 
cone conformation affecting its encapsulation ability (Figure 5.19).108  
 
Figure 5.19 Partial cone mono-substituted p-sulfonated calix[4]arene  with a long polyethylene glycol chain 
used by Crowley and co-workers108  
Thus, the assumption of our p-sulfonated calix[4]arene (33) adopting a partial cone 
conformation as a possible reason for perturbing the hydrogel formation process for our            
water-soluble grafts must be investigated. In line with the literature examples,109 and what was 
presented in chapter 2, in case of the mono-alkylated t-butyl-calix[4]arene upon adopting the 
 
ttt However, the synthesis of the ring-closed graft (C50-VP-S10-33) was not conclusively confirmed, it was also 
subjected to the hydrogel formation study. The result was also a failure. 
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cone conformation, the methylene bridge can show up as four doublets including two equatorial 
(4 protons) and two axial (4 protons) while for the partial cone conformation typically two 
doublets (2 protons each) and one multiplet (4 protons) can be seen at room temperature. Also, 
the aromatic protons of calix[4]arene can appear as two singlets (2 protons each) and two 
doublets (2 protons each) for the cone conformation, while for the partial cone one they can be 
seen as three sharp singlets at room temperature (two of them with 2 protons and one with 4 
protons). Unfortunately, due to the significant peak-broadening observable in the 1H-NMR 
spectrum of our p-sulfonated calix[4]arene (Figure 5.7), it was not possible to determine its 
conformations at room temperature with confidence (none of the splitting patterns explained 
above was observed). To see some possible change in the appearance of the signals in the       
1H-NMR spectrum of our p-sulfonated calix[4]arene (33), an experiment was run at a high 
temperature (90 °C), so that a more clear splitting pattern could be witnessed for the signals of 
interest (through changing the relaxation time of the protons).uuu Despite this, the new aliphatic 
region still remained for the complex (methylene bridge status was unknown) and though the 
aromatic region splitting pattern changed again, it did not produce either of the patterns 
clarified earlier. The aromatic region exhibited four doublets with unequal integrations. In fact, 
this may suggest that our calix[4]arene did not adopt a fixed conformation (Figure 5.20).  
To understand this, a comprehensive study by Sciotto and co-workers regarding the recognition 
of aromatic ammonium cations by water-soluble sulfonated and carboxylated calix[4]arenes is 
worth mentioning.110 The purpose of that study (employing combined NMR spectroscopy, 
calorimetry and also molecular mechanics calculations) was the specific recognition of the 
guests by their calix[4]arene hosts via different binding modes. For example,  it was discovered 
that calix[4]arenes 1a and 1b exhibited selective binding behavior (1a only binds R–NMe3+ 
moiety of the quaternary amines, while 1b co-ordinates with the aromatic ring of the quaternary 
amine), while calix[4]arene 1c did not have any selective binding behavior toward either of the 
quaternary amine guests. The notable aspect of this study was that the researchers attributed 
this phenomenon to the conformational feature of the hosts. They found that host 1c possessed 
a mobile conformation, while hosts 1a and 1b had fixed conformations (Figure 5.21).  
 
 
uuu This experiment was performed using a 400 MHz instrument. The room temperature spectrum performed by 
the same instrument did not show any different result compared to what obtained by the 300 MHz instrument at 
room temperature.   
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Figure 5.20 1H-NMR spectrum (in D2O) for the desired amine-tethered p-sulfonated calix[4]arene 33 at 90 °C 
 
Figure 5.21 Water-soluble calix[4]arenes used for encapsulation of the quaternary ammonium guests based on 
the work of Sciotto and co-workers110  
This may well justify our challenge to get the gelation study to work. Our choice of                        
p-sulfonated calix[4]arene (33), which resembles host 1c the most (except for its amine tether), 
possibly suffers from the same disadvantage that the mentioned host does. It is possible that it 
cannot remain in the favored cone formation (with maximum potential for encapsulation) and 
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rapidly transforms into the disfavored partial cone conformation (the worst choice for 
encapsulation) back and forth (an equilibrium state). Overall, our 1H-NMR spectral data and 
the literature suggestions magnify the importance of having the calix[4]arene host in a fixed 
cone conformation.   
5.11 Concluding remarks  
In total, the synthesis of a water-soluble calix[4]arene using a previously made amine-tethered 
parent was successfully carried out through the sulfonation reaction at temperatures lower than 
that suggested by the Shinkai’s approach.1 The work-up troubles experienced in Shinkai’s 
approach were also resolved by employing non-aqueous procedures. In respect with some 
literature reports on the strong interaction between bis-quaternary amines and water-soluble 
calix[4]arenes (the existence of a large-value association constant for calix[4]arene-amine 
complex), the prospect of a crosslinked network formation on a supramolecular scaffold was 
considered. Looking at a paper by Liu et al. in which a crosslinked network was constructed 
using a p-sulfonated calix[4]arene and a viologen-modified polyvinyl alcohol,35 the formation 
of a hydrogel via mixing a polymeric p-sulfonated calix[4]arene with a bis-quaternary amine 
(the chemical stimulus) was followed. In achieving that goal, the knowledge obtained from 
chapter 3 (grafting PSMA 30% with calix[4]arene-amines) was used to produce water-soluble 
PSMA grafts with the help of the amine-tethered p-sulfonated calix[4]arene 33. Due to the low 
water-solubility of these PSMA 30% grafts, a radical polymerization approach was planned to 
prepare PSMA 50%, so that after its grafting with water-soluble calix[4]arene, grafts with 
higher water-solubility could be produced. Despite managing to make the desired PSMA 50% 
grafts and improvement of water-solubility, the idea of hydrogel formation on PSMA-
originated grafts did not contribute to any success. The alternative to the PSMA method was 
to use a similar copolymer with a higher prospect of becoming water-soluble upon 
modification. In doing so, PVP-MA was chosen and used for producing the desired water-
soluble graft. In spite of having a lower degree of functionalization (compared to PSMA), a 
highly water-soluble graft was synthesized. Unfortunately, the hydrogel formation study failed 
again, even though a much more concentrated aqueous solution of the graft was used. For both 
grafts (PSMA and PVP-MA originated ones), the possible parameters causing failure were 
investigated. Amongst these parameters, the temperature, the pH, a possibly inappropriate base 
choice (such as Et3N), the quaternary amine nature could be ruled out as the reasons for failure 
due to the fact that the study failed even with trying many alternative options for them and 
covering numerous possible angles. It is believed that most likely two matters could result in 
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the failure of this study. The first was the degree of functionalization. The 1H-NMR 
spectroscopic titration study on our grafts (using viologen methyl iodide 34 as the titrating 
agent) gave us both positive and negative results. The positive result was the confirmation of 
our water-soluble calix[4]aren-grafted polymer interaction with the quaternary amine through 
the large upfield chemical shift for the viologen aromatic protons (an indication that at least the 
amine guests had been encapsulated by the calix[4]arene host). The negative result was 
disproving the high degrees of functionalization speculated by FT-IR spectroscopy. Unlike 
what FT-IR spectroscopy predicted, the maximum degree to which our pristine polymers 
became functionalized in this study was 5.9% for PSMA and 4.8% for PVP-MA.vvv Possibly, 
the low reactivity of the p-sulfonated calix[4]arene-amine 33 was the reason for this result. It 
is very unlikely that the deactivating effect of the sulfonate groups on the aromatic ring, could 
cause an electronic withdrawal on the tether resulting in the dramatic decrease of the primary 
amine nucleophilicity. That is due to the long distance between the sulfonate groups and the 
amine nucleophile on the calix[4]arene scaffold. Instead, it appears more rational that the 
sulfonate groups facilitated some sort of a self-encapsulation process through which the amine 
tale of the calix[4]arene became entangled within the calix[4]arene cavity. Due to this 
undesired phenomenon, only a few p-sulfonated calix[4]arene molecules managed to react with 
the polymer. That is why, unlike its corresponding model amine discussed in chapter 3               
(t-butylated calix[4]arene-amine 10b), our p-sulfonated calix[4]arene-amine 33 was not 
capable of forming a polymeric graft with a high degree of modification. As a result, it cannot 
be stated with certainty that the number of p-sulfonated calix[4]arene per polymer subunit was 
enough to encapsulate a large number of the amine guests and facilitate crosslinking efficiently. 
The second matter which also remained unclear, was the issue of conformation for the                 
p-sulfonated calix[4]arene 33. It seemed highly likely that adopting a partial cone conformation 
(as a result of sulfonation reaction on our butylamine-tethered t-butylated calix[4]arene 10b), 
drastically decreased the calix[4]arene capability to encapsulate and eventually form a hydrogel 
employing the amine units. That is by far the most probable cause of the failure for hydrogel 
formation study, even though the 1H-NMR spectra were unable to identify the precise 
conformational status of the p-sulfonated calix[4]arene (33) due to its conformationally mobile 
nature.      
     
 
vvv FT-IR spectroscopy suggested that those values should respectively be 71% and 24% for PSMA and PVP-MA. 
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5.12 Experimental section 
Following the points explained in the previous sections and the rules applied in chapter 3, the 
synthesis and the characterization of several p-sulfonated calix[4]arene-grafted PSMAs will be 
presented in this section. It must be noted that all these examples are the water-soluble grafts 
stemmed from PSMA 50% and the rest will be covered in the appendix of this dissertation. 
However, first of all, the synthesis and the characterization of the primary-amine tethered                 
p-sulfonated calix[4]arene 33, all our bis-quaternary ammonium salts and eventually PSMA 
50% will be discussed. Having finished the PSMA-related grafts synthesis, the synthesis and 
the characterization of the PVP-MA-related grafts will be presented.  
5.12.1 Synthesis of 25-mono-(4-aminobutoxy)-26,27,28-trihydroxy-calix[4]arene-
5,11,17,23-tetrasulfonic acid (the ammonium hydrogen sulfate salt) – 33 
5,11,17,23-Tetra-t-butyl-25-mono-(4-aminobutoxy)-26,27,28-
trihydroxy-calix[4]arene 10b (280 mg, 0.410 mmol) was stirred in 
concentrated sulfuric acid (95-97%) (2.00 mL) in a round-bottom 
flask at room temperature for 17 hours. The reaction was then poured 
into ice-cold diethyl ether (100 mL) and the resulting solid was 
collected. After that, this solid was dissolved in methanol (50 mL) and precipitated by adding 
ethyl acetate (200 mL) forming a hygroscopic green-brown powder. Thereafter, the powder 
was freeze dried for 24 hours (to remove most of the encapsulated solvent by the calix[4]arene 
during the work-up). In the end, this resulting solid underwent a post-heating process at             
100 °C under vacuum for 24 hours (to eliminate the remnants of diethyl ether and methanol 
not removed by the freeze dryer) to yield a green-brown product (360 mg, 95%). Mp 252 °C 
DEC; 1H-NMR (300 MHz, D2O) δ ppm 1.00-4.50 (a collection of broad signals: 4H,                   
C-CH2-C + 2H, C-CH2N + 2H, C-NH2 + 2H, OCH2-C + 8H, ArCH2Ar), 7.01 (br. s, 2H, ArH), 
7.06 (br. s, 4H, ArH), 7.10 (br. s, 2H, ArH). 13C-NMR (75 MHz, D2O) δ ppm 22.9 (CH2), 24.9 
(CH2), 30.2 (CH2), 38.6 (CH2), 43.9 (C-CH2N), 68.1 (OCH2-C), 126.0 (Ar), 126.8 (Ar), 127.8 
(Ar), 133.7 (Ar), 134.8 (Ar), 135.6 (Ar), 151.0 (3 × CArO), 153.0 (CArOC).www 
FT-IR (ATR) cm–1: 3177 (b, O-H stretch), 1646 (m, N-H bend), 1151 (s, asymmetric S=O 
stretch), 1116 (s, symmetric S=O stretch), 1026 (m, C-O stretch), 868 (m, C–H oop bend), 785 
(m, C–H oop bend).  
 
www These results were all obtained at room temperature. 
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HRMS-TOF MS ESI+: m/z [M+H]+ calculated for C32H34NO16S4 816.0760 Da; found: 
816.0772 Da.xxx 
5.12.2 Synthesis of 1,1'-dimethyl-[4,4'-bipyridine]-1,1'-diium iodide – 34 
To a round-bottom flask containing 4,4’-bipyridine (100 mg,              
0.640 mmol) in dry acetonitrile (20 mL) in an ice-bath, was gently added 
iodomethane (4.00 g, 1.75 mL, 28.0 mmol). Then, the ice-bath was 
removed, the flask was equipped with a condenser and the system was 
heated under reflux for 24 hours. Afterward, the heating was stopped and the solvent was 
removed under the reduced pressure. Finally, the resulting orange solid was dried under 
vacuum to yield 270 mg of the bis-quaternary amine (96%). The spectral data were correlated 
with that from literature;98 1H-NMR (300 MHz, D2O) δ ppm 4.51 (s, 6H, CH3), 8.53 (d,       
J=6.3 Hz, 4H, ArH), 9.06 (d, J=6.3 Hz, 4H, ArH). 
5.12.3 Synthesis of 1,1''-(ethane-1,2-diyl)bis(([4,4'-bipyridin]-1-ium)) bromide – 35  
4,4'-Bipyridine (2.50 g, 16.0 mmol) was dissolved in 
DMF (20 mL) and to that solution was added 1,2-
dibromoethane (0.740 g, 0.340 mL, 4.00 mmol). This 
solution was heated at 70 °C for 24 hours and then the 
resulting yellowish solid was filtered off. This slimy 
solid was treated with diethyl ether (50 mL) to produce 
410 mg of a brown-yellow fine powder (20%). The spectral data were correlated with that from 
literature;100 1H-NMR (300 MHz, D2O) δ ppm 5.48 (s, 4H, CH2-CH2), 7.97 (d, J=6.4 Hz, 4H, 






xxx H2SO4 was not involved in the calculations since it was removed from the molecule through the ionization 
process.   
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5.12.4 Synthesis of 1',1'''-(ethane-1,2-diyl)bis(1-methyl-[4,4'-bipyridine]-1,1'-diium) 
dibromide diiodide – 36 
The dimerized 4,4'-bipyridine 35 (400 mg,   
0.800 mmol) was placed in DMF (8 mL) at 0 °C. 
To that, iodomethane (2.28 g, 1.00 mL,             
16.0 mmol) was gently added and then the 
reaction vessel was equipped with a reflux 
condenser and heated at 90 °C for 24 hours. After 
that, the solid crude was collected via suction and rinsed with acetonitrile (50 mL) to yield a 
590 mg of an orange powder (94%). The spectral data were correlated with that from 
literature;90 1H-NMR (300 MHz, D2O) δ ppm 4.54 (s, 6H, CH3), 5.58 (s, 4H, CH2-CH2), 8.60 
(d, J=6.8 Hz, 4H, ArH), 8.71 (d, J=6.8 Hz, 4H, ArH), 9.10 (d, J=6.8 Hz, 4H, ArH), 9.28 (d, 
J=6.8 Hz, 4H, ArH).  
5.12.5 Synthesis of 1,1''-(hexane-1,6-diyl)bis(([4,4'-bipyridin]-1-ium)) bromide – 37 
This compound was synthesized following the 
method used for compound 35 using 4,4'-bipyridine 
(2.50 g, 16.0 mmol) in DMF (20 mL) plus 1,6-
dibromohexane (970 mg, 0.610 mL, 4.00 mmol). 
After filtration, followed by trituration with diethyl 
ether (50 mL), the resulting orange-yellow crude was recrystallized with the minimum amount 
of water producing 1.09 g of a pale yellow crystal (49%). The spectral data were correlated 
with that from literature;101 1H-NMR (300 MHz, D2O) δ ppm 1.42-1.52 (m, 4H, C-CH2-C), 
2.04-2.16 (m, 4H, C-CH2-C), 4.68 (t, J=7.1 Hz, 4H, CH2N), 7.88 (d, J=6.3 Hz, 4H, ArH), 8.38 
(d, J=7.0 Hz, 4H, ArH), 8.74 (d, J=6.3 Hz, 4H, ArH), 8.97 (d, J=7.0 Hz, 4H, ArH). 
5.12.6 Synthesis of 1',1'''-(hexane-1,6-diyl)bis(1-methyl-[4,4'-bipyridine]-1,1'-diium) 
dibromide diiodide – 38 
Following the approach employed for 
compound 36, this compound was produced 
via the dimerized 4,4'-bipyridine 37 (1.07 g, 
1.92 mmol) in DMF (19.2 mL) and 
iodomethane (5.47 g, 2.40 mL, 38.4 mmol). 
After filtration, followed by trituration with 
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acetonitrile (50 mL), 1.25 g of an orange powder was collected (80%). Mp 270 °C DEC;          
1H-NMR (300 MHz, D2O) δ ppm 1.48-1.57 (m, 4H, C-CH2-C), 2.09-2.21 (m, 4H, C-CH2-C), 
4.52 (s, 6H, CH3), 4.76 (t, J=7.2 Hz, 4H, CH2N), 8.52-8.61 (m, 8H, ArH), 9.07 (d, J=6.7 Hz, 
4H, ArH), 9.14 (d, J=6.8 Hz, 4H, ArH). 13C-NMR (75 MHz, CDCl3) δ ppm 24.8 (2 ×                   
C-CH2-C), 30.4 (2 × C-CH2-C), 48.4 (2 × CH3N), 61.9 (2 × C-CH2N), 126.7 (Ar), 127.1 (Ar), 
145.4 (Ar), 146.2 (Ar), 149.7 (Ar),  150.0 (Ar).    
FT-IR (ATR) cm–1: 3490 (b, residual water stretch), 3002 (m, Aromatic C-H stretch), 2856 (m, 
Aliphatic C-H stretch), 1635 (s, Aromatic C=C stretch), 1557 (m, Aromatic C=C stretch),            
1440 (m, Aliphatic CH3 bend), 1349 (m, Aliphatic CH3 bend), 1183 (m, C-N stretch), 813 (m,           
C–H oop bend), 708 (m, C–H oop bend).  
HRMS-TOF MS ESI+: m/z [M–Br2I+H]+ calculated for C28H35IN4 554.1906 Da; found:     
554.1863 Da. 
Also: 681.0914 Da (calculated for [M–Br2+H]+: 681.0951 Da). 
5.12.7 General procedure for the synthesis of quaternary ammonium salts 39, 40, 41 
According to the method devised by Zaimis, the amine was dissolved in methanol together 
with sodium hydroxide pellets (9.0 equiv.) in an ice bath. Then iodomethane (9.0 equiv.) was 
added slowly and the tube was sealed and heated under reflux for 24 hours. Afterward, the 
heating was stopped and the solvent evaporated under the reduced pressure. The residue was 
triturated with boiling acetone (50 mL) to dissolve and remove sodium iodide. Thereafter the 
insoluble material was washed with cold acetone (50 mL) and collected to afford our desired 
quaternary ammonium salt.102  
5.12.7.1 Synthesis of N,N,N,N′,N′,N′-hexamethylethane-1,2-diaminium iodide – 39  
Following the general procedure, N,N,N′,N′-tetramethylethane-1,2-
diamine (TMEDA) (500 mg, 0.645 mL, 4.30 mmol) and NaOH (1.55 g,      
38.7 mmol) and iodomethane (5.49 g, 2.41 mL, 38.7 mmol) were heated 
under reflux in methanol (6 mL) to yield a pale-yellow powder ( 1.00 g, 58%); The spectral 
data were correlated with that from literature;102 Mp 250 °C DEC; 1H-NMR (300 MHz, D2O) 
δ ppm 3.37 (s, 18H, N+(CH3)3), 4.10 (s, 4H, CH2). 13C-NMR (75 MHz, CDCl3) δ ppm 53.8     
(6 × CH3), 57.8 (2 × CH2).  
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5.12.7.2 Synthesis of 2,2'-(methylazanediyl)bis(N,N,N-trimethylethan-1-aminium) iodide 
– 40 
Following the general procedure, N,N,N′,N′′,N′′-
pentamethyldiethylenetriamine (PMDTA) (300 mg,         
0.360 mL, 1.73 mmol) and NaOH (620 mg, 15.6 mmol) and 
iodomethane ( 2.26 g, 0.990 mL, 15.6 mmol) were heated under reflux in methanol (6 mL) to 
yield a pale-yellow powder (640 mg, 81%); The spectral data were correlated with that from 
literature;102,104 Mp 228 °C; 1H-NMR (300 MHz, D2O) δ ppm 2.41 (s, 3H, N-CH3), 3.07 (t, 
J=7.5 Hz, 4H, N-CH2-C), 3.24 (s, 18H, N+(CH3)3), 3.59 (t, J=6.9 Hz, 4H, N+-CH2-C).             
13C-NMR (75 MHz, CDCl3) δ ppm 40.8 (CH3), 50.5 (6 × CH3), 53.7 (2 × N-CH2-C), 62.5 (2 × 
N+-CH2-C). 
5.12.7.3 Synthesis of N,N,N,N′,N′,N′-hexamethylhexane-1,6-diaminium iodide – 41 
Following the general procedure, hexane-1,6-diamine (250 mg,                 
2.15 mmol) and NaOH (770 mg, 19.3 mmol) and iodomethane               
(2.75 g, 1.20 mL, 19.3 mmol) were heated under reflux in methanol 
(6 mL) to yield a pale-yellow powder (760 mg, 77 %); The spectral data were correlated with 
that from literature;102 Mp 270 °C; 1H-NMR (300 MHz, D2O) δ ppm 1.44-1.54 (m, CH2-CH2, 
4H), 1.78-1.95 (m,  C-CH2-C, 4H), 3.16 (s, 18H, N+(CH3)3), 3.33-3.43 (m, 4H, N-CH2-C).    
13C-NMR (75 MHz, CDCl3) δ ppm 22.1 (2 × C-CH2-C), 25.0 (2 × C-CH2-C), 52.8 (6 × CH3), 
66.3 (2 × C-CH2N).  
5.12.8 Synthesis of N,N,N,N′,N′,N′-hexaethylhexane-1,6-diaminium bromide – 42 
 According to a previously reported approach by Sasidharana 
and Bhaumik, 1,6-dibromohexane (240 mg, 0.150 mL,        
1.00 mmol) and triethylamine (220 mg, 0.310 mL, 2.20 mmol) 
were heated under reflux in a sealed tube containing dry 
acetone (2.5 mL) overnight. After that, the reaction was cooled and filtered and the product 
was washed with acetone (5×10 mL) several times to produce a pale-yellow powder (310 mg, 
57%); The spectral data were correlated with that from literature;103 Mp 268 °C; 1H-NMR    
(300 MHz, D2O) δ ppm 1.29 (bt, 18H, CH3-C), 1.42-1.51 (m, C-CH2-C, 4H),  1.65-1.81 (m, 
CH2-CH2, 4H), 3.14-3.24 (m, N-CH2-C, 4H), 3.31 (q, J=7.5 Hz, 12H, C-CH2-N). 13C-NMR 
(75 MHz, CDCl3) δ ppm 6.6 (6 × CH3-C), 20.8 (2 × C-CH2-C), 25.2 (2 × C-CH2-C), 52.4 (6 × 
C-CH2N), 56.2 (2 × C-CH2N). 
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5.12.9 Synthesis of poly(styrene-alt-maleic anhydride) or P(St-alt-MA) – 43    
Freshly distilled styrene (2.00 g, 19.2 mmol) was added to a solution of 
freshly sublimed maleic anhydride (2.07 g, 21.1 mmol) and 2,2′-azobis(2-
methylpropionitrile) (AIBN) (133 mg, 0.810 mmol) in dry methyl ethyl 
ketone (4 mL). The reaction was degassed with argon for 30 minutes, 
sealed and heated at 65 °C overnight. Thereafter, the viscous sticky crude dissolved in acetone 
(20 mL) and poured in 2-propanol (250 mL). The white solid formed was filtered using a 
Buchner funnel and the product was dried at room temperature under vacuum for 24 hours to 
afford 4.00 g of the desired copolymer.  
5.12.9.1 Characterization of PSMA 50% 
5.12.9.1.1 ATR-FTIR spectroscopy 
In the FT-IR spectrum (Figure 5.22), several characteristic signals are observable.yyy  
 
Figure 5.22 PSMA 50% 43 FT-IR spectrum (Transmittance values were normalized to styrene bend at 700 cm–1, 
a.u: arbitrary unit)  
Two bends related to out of plane modes of C-H (styrene) can be seen at 703 cm–1 (strong) and 
751 cm–1 (weak). C-O stretch shows up as a medium signal at 1221 cm–1. A bend at                 
1455 cm–1 (medium) belongs to C-H (polymer chain) and also a bend at 1495 cm–1 attributable 
to the aromatic C=C (styrene) are available. More importantly, the anhydride group reveals 
itself as a symmetric stretch at 1772 cm–1 (strong) and an asymmetric stretch at 1852 cm–1 
(weak). Moreover, there are two very weak stretches at 2970 cm–1 (sp2 aromatic C-H for 
styrene) and 3031 cm–1 (sp3 aliphatic C-H for polymer chain). The final worthwhile point is 
 
yyy These signals can be interpreted very much like the ones observed for PSMA 30% (11) in chapter 3. 
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the intensity of the styrene signal at 703 cm–1 compared to the maleic anhydride one at           
1772 cm–1. These two signals relatively have equal intensities which denote the existence of an 
alternate PSMA (unlike PSMA 30% with the relative ratio of 2 to 1 in favor of the styrene unit) 
5.12.9.1.2 NMR spectroscopy 
The spectrum was obtained in the deuterated dimethyl sulfoxide (DMSO-d6). 
5.12.9.1.2.1 1H-NMR spectroscopy  
The solvent impurities can be seen at 1.10 ppm (2-propanol), and 1.76 ppm and 3.60 ppm 
(THF). The CH2 and CH groups of the backbone (originated from styrene vinyl) are observable 
between 1.79 ppm to 2.40 ppm while CH groups of the backbone (stemmed from maleic 
anhydride) can be witnessed between 2.90 ppm to 3.64 ppm. In the end, the aromatic protons 
(styrene CHs) can be found between 6.17 ppm to 7.55 ppm (Figure 5.23).zzz 
 
Figure 5.23 PSMA 50% 43 1H-NMR spectrum (in DMSO-d6)  
5.12.9.1.2.2 13C-NMR spectroscopy  
The solvent impurities can be seen at 25.4 ppm and 64.9 ppm (2-propanol) and 25.1 ppm and 
67.0 ppm (THF). The CH2 group of the backbone (originated from styrene vinyl), the CH group 
of the backbone (originated from styrene vinyl), the CHs group of the backbone (stemmed from 
maleic anhydride), the aromatic CHs of styrene, the quaternary carbon of styrene and finally 
 
zzz The 300 MHz instrument was used. 
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the carbonyls of maleic anhydride can be found respectively at ranges: 30.4 ppm to 35.5 ppm, 
40.7 ppm to 43.9 ppm, 48.5 ppm to 52.7 ppm, 125.0 ppm to 130.6 ppm, 135.2 ppm to            
140.0 ppm, 170.1 ppm to 174.2 ppm (Figure 5.24).aaaa   
 
Figure 5.24 PSMA 50% 43 13C-NMR spectrum (in DMSO-d6) 
In addition to the point mentioned in the FT-IR section, in accordance with literature, it is also 
possible to prove the existence of a perfectly alternating PSMA through 13C-NMR spectrum 
results. The determination of the triad sequence of styrene (S) and maleic anhydride (M), 
suggests whether the copolymer is actually alternating (SMS) or not. Two predominant markers 
for that are respectively: 1- The CH2 group of the backbone (originated from styrene) which 
can be seen between 33 ppm to 37 ppm.  2- The quaternary carbon of styrene unit (the closest 
carbon to the backbone) which shows up between 137 ppm to 140 ppm.111,112 In the case of our 
copolymer, the literature values can be correlated with the ones obtained for our compound 
suggesting a  perfectly alternating PSMA (SMS). 
5.12.9.1.3 UV-Vis spectroscopy 
A 0.1 mg/ml solution of the copolymer was used to perform this experiment. Later with the 
tethered p-sulfonated calix[4]arene as the pendant group, the change in the absorption band of 
PSMA graft will be witnessed (Figure 5.25).  
 
aaaa The 75 MHz instrument was used. 
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Figure 5.25 PSMA 50% 43 UV-Vis spectrum  
5.12.9.1.4 SEC (GPC) 
Following the previously mentioned protocols, the size-exclusion experiment was performed 
on the synthesized PSMA 50% 43 in DMF (Figure 5.26). Unfortunately, due to the solubility 
problems, these results cannot be compared for the grafts synthesized by PSMA 50% and 
amine-tethered p-sulfonated calix[4]arene.    
 
Figure 5.26 PSMA 50% 43 GPC elugram  
5.12.9.1.5 DSC 
Following the protocols explained in chapter 3, the DSC experiment was run to study the 
thermal behavior of the copolymer. The greater Tg value for PSMA 50% 43 compared to PSMA 
30% 11 could stem from the higher degree of maleic anhydride strengthening the 
intermolecular interactions between the polymer chains (see Table 5.4 for DSC data and the 
appendix section for the thermogram). 
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Table 5.4 PSMA 50% 43 thermal data 
Tg (°C) Height (W.g–1) Delta CP (J.g–1.°C–1) 
204.04 0.04769 0.1437 
 
5.12.9.1.6 Final analysis 
After all analysis carried out on our copolymer, it can be said with certainty that PSMA 50% 
43 (the perfectly alternating PSMA) has been successfully synthesized. 
5.12.10 Synthesis of the p-sulfonated calix[4]arene-grafted PSMAs  
5.12.10.1 General procedure for the synthesis of the ring-opened p-sulfonated 
calix[4]arene-grafted PSMAs (GP.A) 
The amine-tethered p-sulfonated calix[4]arene 33 and an excess amount of base (5 to 20 
equivalents) were mixed with each other in dry DMF in a round-bottom flask under argon. 
After one hour of stirring at 75 °C, PSMA was added and the stirring continued under the same 
conditions overnight (the calix[4]arene to PSMA weight ratio: 4 to 1). Thereafter, the reaction 
was cooled down and the crude was diluted with de-ionized water. This solution was dialyzed 
against de-ionized water at 10 KDalton MWCO (molecular weight cut-off) (the tubing was 
supplied by Thermo Fisher Scientific, USA) for 72 hours (the dialysate was replaced three 
times per day, i.e. nine times in total). The remaining solution in the tubing was freeze-dried to 
produce a hygroscopic solid.bbbb  
5.12.10.1.1 The ring-opened p-sulfonated calix[4]arene-grafted PSMA made by 
triethylamine (20.0 equiv.) – A50-T20-33 
Following GP.A, 33 (720 mg, 0.800 mmol), triethylamine (2.27 mL, 16.0 mmol) and PSMA 
50% 43 (180 mg) were mixed in DMF (16 mL). The product was made as a brown solid         
A50-T20-33 (180 mg). 
 
bbbb In the case of the calix[4]arene attachment to the polymer, the massive loss of the product is another indication 
for the very low degree of polymer modification by the calix[4]arene. Logically, since only a small amount of the 
calix[4]arene had reacted with the polymer, the unreacted calix[4]arene would be washed out of the tubing upon 
dialysis. Moreover, because the experiment was conducted on such a small scale, it is very likely that some product 
was lost as a result of the conditions by which the dialysis operation was performed and these experimental errors 
caused a significant deviation from the expected recovery of mass.     
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5.12.10.1.2 The ring-opened p-sulfonated calix[4]arene-grafted PSMA made by sodium 
hydride (10.0 equiv.) – A50-S10-33 
Following GP.A, 33 (250 mg, 0.270 mmol), sodium hydride (60% suspension in oil) (108 mg, 
2.70 mmol) and PSMA 50% 43 (62.0 mg) were mixed in DMF (5.4 mL). The product was 
made as a light brown powder A50-S10-33 (62.0 mg). 
5.12.10.1.3 The ring-opened p-sulfonated calix[4]arene-grafted PSMA made by cesium 
carbonate (10.0 equiv.) – A50-C10-33 
Following GP.A, 33 (400 mg, 0.440 mmol), anhydrous cesium carbonate (1.43 g, 4.40 mmol) 
and PSMA 50% 43 (100 mg) were mixed in DMF (8.8 mL). The product was made as a dark 
brown solid A50-C10-33 (100 mg). 
5.12.10.2 General procedure for the synthesis of the ring-closed p-sulfonated 
calix[4]arene-grafted PSMAs (GP.C) 
The ring-opened graft obtained from GP.A was heated under reflux in glacial acetic acid in a 
sealed vial for 24 hours. After cooling, the solvent was removed under the reduced pressure 
(with toluene as an azeotrope) to produce a highly insoluble solid. 
5.12.10.2.1 The ring-closed p-sulfonated calix[4]arene-grafted PSMA made by 
triethylamine (20.0 equiv.) – C50-T20-33 
Following GP.C, the ring open graft A50-T20-33 (50.0 mg) was placed in glacial acetic acid    
(5 mL). The product was obtained as a dark brown powder C50-T20-33 (50.0 mg).  
5.12.10.2.2 The ring-closed p-sulfonated calix[4]arene-grafted PSMA made by sodium 
hydride (10.0 equiv.) – C50-S10-33 
Following GP.C, the ring open graft A50-S10-33 (50.0 mg) was placed in glacial acetic acid     
(5 mL). The product was obtained as a dark brown powder C50-S10-33 (50.0 mg).  
5.12.10.2.3 The ring-closed p-sulfonated calix[4]arene-grafted PSMA made by cesium 
carbonate (10.0 equiv.) – C50-C10-33 
Following GP.C, the ring open graft A50-C10-33 (50.0 mg) was placed in glacial acetic acid   
(5 mL). The product was obtained as a dark brown powder C50-C10-33 (50.0 mg).  
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5.12.10.3 Characterization of p-sulfonated calix[4]arene-grafted PSMAs 
5.12.10.3.1 ATR-FTIR spectroscopy 
Considering all the infrared data, the ring-opened graft made by triethylamine (A50-T20-33 in 
Figure 5.27b) exhibited a medium stretch at 1708 cm–1 (carboxylic acid) and disappearance of 
the maleic anhydride carbonyl stretches of PSMA 50% at 1772 cm–1 (symmetric C=O) and         
1852 cm–1 (asymmetric C=O) proving the formation of a ring-opened graft. Also, sulfonate 
groups showed two strong stretches at 1115 cm–1 and 1158 cm–1. The ring-closed graft of the 
same compound (C50-T20-33 in Figure 5.27c) demonstrated the attenuated stretches of maleic 
anhydride carbonyl at 1776 cm–1 (symmetric C=O) and 1856 cm–1 (asymmetric C=O) in 
addition to the appearance of a strong maleimide carbonyl stretch at 1705 cm–1 confirming the 
formation of a ring-opened graft. The sulfonate group stretches also were found at 1116 cm–1 
and 1159 cm–1. 
The ring-opened graft made by sodium hydride (A50-S10-33 in Figure 5.27d) exhibited a 
medium stretch at 1715 cm–1 (carboxylic acid) and disappearance of the maleic anhydride 
carbonyl stretches of PSMA 50% at 1772 cm–1 (symmetric C=O) and 1852 cm–1 (asymmetric 
C=O) proving the formation of a ring-opened graft. Also, sulfonate groups showed two strong 
stretches at 1106 cm–1 and 1168 cm–1. The ring-closed graft of the same compound                 
(C50-S10-33 in Figure 5.27e) demonstrated the attenuated stretches of maleic anhydride 
carbonyl at 1776 cm–1 (symmetric C=O) and 1855 cm–1 (asymmetric C=O) in addition to the 
appearance of a strong maleimide carbonyl stretch at 1714 cm–1 confirming the formation of a 
ring-opened graft. The sulfonate group stretches also were found at 1106 cm–1 and 1155 cm–1. 
The ring-opened graft made by cesium carbonate (A50-C10-33 in Figure 5.27f) exhibited a 
medium stretch at 1709 cm–1 (carboxylic acid) and disappearance of the maleic anhydride 
carbonyl stretches of PSMA 50% at 1772 cm–1 (symmetric C=O) and 1852 cm–1 (asymmetric 
C=O) proving the formation of a ring-opened graft. Also, sulfonate groups showed two strong 
stretches at 1102 cm–1 and 1162 cm–1. The ring-closed graft of the same compound                 
(C50-C10-33 in Figure 5.27g) demonstrated the attenuated stretches of maleic anhydride 
carbonyl at 1776 cm–1 (symmetric C=O) and 1849 cm–1 (asymmetric C=O) in addition to the 
appearance of a strong maleimide carbonyl stretch at 1708 cm–1 confirming the formation of a 
ring-opened graft. The sulfonate group stretches also were found at 1113 cm–1 and 1165 cm–1. 
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Figure 5.27 FT-IR spectra for PSMA 50% modification with p-sulfonated calix[4]arene 33 (Transmittance 
values were normalized to styrene bend at 700 cm–1, a.u: arbitrary unit) 
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5.12.10.3.2 NMR spectroscopy 
5.12.10.3.2.1 1H-NMR spectrum for the ring-opened graft made by triethylamine                  
– A50-T20-33   
1H-NMR (300 MHz, D2O) δ ppm 0.72-3.02 (butyl tether + PSMA backbone), 3.47-3.73 
(calix[4]arene methylene bridge), 3.87-4.21 (PSMA backbone), 4.29-4.52 (calix[4]arene 
methylene bridge), 6.00-8.00 (aromatic protons for styrene and calix[4]arene). 
5.12.10.3.2.2 1H-NMR spectrum for the ring-opened graft made by sodium hydride –   
A50-S10-33 
1H-NMR (300 MHz, D2O) δ ppm 0.38-2.14 (butyl tether + PSMA backbone), 3.39-3.76 
(PSMA backbone), 2.89-3.08 (PSMA backbone), 3.89-4.24 (calix[4]arene methylene bridge), 
6.00-8.00 (aromatic protons for styrene and calix[4]arene). 
5.12.10.3.2.3 1H-NMR spectrum for the ring-opened graft made by cesium carbonate – 
A50-C10-33 
1H-NMR (300 MHz, D2O) δ ppm 0.64-3.02 (butyl tether + PSMA backbone), 3.48-3.74 
(calix[4]arene methylene bridge), 3.93-4.18 (PSMA backbone), 4.32-4.50 (calix[4]arene 
methylene bridge), 6.00-8.00 (aromatic protons for styrene and calix[4]arene). 
As mentioned earlier, the insoluble ring-closed grafts were not analyzed with NMR 
spectroscopy. 
5.12.10.3.3 UV-Vis spectroscopy 
Having followed the protocols used earlier for UV-Vis experiments, PSMA 50% 43 spectrum 
was obtained in THF (Figure 5.28a); however, due to the solubility issue, the ring-opened 
grafts spectra were acquired in water. These grafts demonstrated a much smoother absorption 
band compared to their parent PSMA 50% (Figures 5.28b, 5.28c, 5.28d). Presumably, it was 
caused by the presence of the sulfonate groups of calix[4]arene while back in chapter 3 the 
non-sulfonated calix[4]arene-grafted PSMA did not show such a massive band-broadening 
effect. As mentioned earlier, the insoluble ring-closed grafts were not subjected to any UV-Vis 
experiment in this section. 
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Figure 5.28 UV-Vis spectra for PSMA 50% modification with p-sulfonated calix[4]arene 33  
5.12.10.3.4 SEC (GPC) 
As mentioned earlier, due to the lack of solubility for our grafts in the available GPC solvents 
(DMF and THF), unfortunately, no sample was run for size exclusion chromatography analysis.  
5.12.10.3.5 DSC 
Unlike what observed for the grafts made up of t-butylated calix[4]arene and PSMA 30%  in 
chapter 3, there was very little change for Tg values in all cases for the grafts made up of the 
tethered p-sulfonated calix[4]arene and PSMA 50%. The Tg value for PSMA 50% 43       
(204.14 °C) was much higher than PSMA 30%  11 (158.82 °C) in way that even adding a bulky 
pendant group like a p-sulfonated calix[4]arene could not change it drastically (see Table 5.5 
for DSC data and the appendix section for the thermograms). In addition, the low degree of 
functionalization for the p-sulfonated calix[4]arene grafts compared to the model t-butylated 
calix[4]arene grafts (made in chapter 3) may be another reason for this negligible change in Tg 
for these compounds. This problem could also be caused by a fault in measurement by the DSC 
instrument.   
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Table 5.5 Thermal data for PSMA 50% modification with p-sulfonated calix[4]arene 33cccc 
Entry Compound name Tg (°C) Height (W.g–1) Delta CP (J.g–1.°C–1) 
1 43 204.14 0.06281 0.1889 
2 A50-T20-33 198.08 0.2695 0.8102 
3 A50-S10-33 - - - 
4 A50-C10-33 203.58 0.2782 0.8374 
5 C50-T20-33 203.61 0.1877 0.5642 
6 C50-S10-33 206.43 0.09707 0.2918 
7 C50-C10-33 195.09 0.1747 0.5247 
5.12.10.3.6 Final analysis 
Despite the lack of GPC results, all other analytical evidence suggests the successful formation 
of the water-soluble p-sulfonated-grafted PSMAs. 
5.12.11 Synthesis of the p-sulfonated calix[4]arene-grafted PVP-MAs  
Precisely following the approaches taken for the synthesis of the p-sulfonated calix[4]arene-
grafted PSMA, the PVP-MA calix[4]arene grafts were produced.  
5.12.11.1 The ring-opened p-sulfonated calix[4]arene-grafted PVP-MA – A50-VP-S10-33  
The amine-tethered p-sulfonated calix[4]arene 33 (870 mg, 0.930 mmol) was heated with 
sodium hydride (60% suspension in oil) (372 mg, 9.30 mmol) in dry DMF (18.6 mL) at 75 °C 
under argon for one hour. Then, PVP-MA 50% 44 (217 mg) was added and the heating 
continued under the same conditions overnight. After cooling, the reaction was diluted by water 
and the solution was dialyzed against de-ionized water (the tubing molecular weight cut-off: 
10 KDalton) for 72 hours. Meanwhile, the dialysate was replaced three times a day and when 
the dialysis finished, the tubing solution was freeze-dried to yield a brown solid                          
A50-VP-S10-33 (250 mg). 
5.12.11.2 The attempted ring-closed p-sulfonated calix[4]arene-grafted PVP-MA                  
– C50-VP-S10-33  
The ring-opened product A50-VP-S10-33 (50.0 mg) was heated under reflux in glacial acetic 
acid (5 mL) for 24 hours. After the evaporation of the solvent, the product was attained as a 
brown solid C50-VP-S10-33 (50.0 mg).   
 
cccc The accuracy of these Tg values are in question. As observed in chapter 3, upon grafting PSMA 30% 11 with  
calix[4]arene as a bulky pendant group, the Tg increased for all the grafts. Overall, there should always be a regular 
pattern for Tg values of a polymer upon grafting with a specific group of compounds such as p-sulfonated 
calix[4]arenes (either increase or decrease in Tg value).  
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5.12.11.3 Characterization of p-sulfonated calix[4]arene-grafted PVP-MAs 
5.12.11.3.1 ATR-FTIR spectroscopy 
As was the case for PSMA, the FT-IR spectra were also recorded this time for PVP-MA-
originated compounds (see Figure 5.29).  
 
Figure 5.29 FT-IR spectra for PVP-MA 50% modification with p-sulfonated calix[4]arene 33 (Transmittance 
values were normalized to pyrrolidone bend at 1373 cm–1, a.u: arbitrary unit)  
In the FT-IR spectrum of PVP-MA (44 in Figure 5.29a), two maleic anhydride carbonyl 
stretches were observable respectively at 1718 cm–1 (symmetric) and 1778 cm–1 (asymmetric). 
In addition, there was another carbonyl stretch representing amide at 1647 cm–1. After ring-
opening with the p-sulfonated calix[4]arene-amine 33, as expected for the newly formed graft 
(A50-VP-S10-33 in Figure 5.29b), the carbonyl region was affected and the asymmetric 
carbonyl disappeared. Also, the symmetric signal at 1718 cm–1 got broadened thanks to the 
formation of the carboxylate group. The amide carbonyl signal (exhibiting stretches for both 
pyrrolidone and maleic anhydride moieties) was seen at 1655 cm–1. More importantly, the 
presence of two sulfonate stretches at 1112 cm–1 (medium) and 1168 cm–1 (strong) proved the 
existence of the sulfonate groups. After attempted ring-closure (compound C50-VP-S10-33 in 
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Figure 5.29c), a changed version of symmetric and asymmetric maleimide carbonyls could be 
witnessed at 1717 cm–1 and 1781 cm–1. The combining stretch for amide was also observed at 
1660 cm–1 and finally, the sulfonate signals were found at 1112 cm–1 and 1167 cm–1. 
Unfortunately, due to the lack of a new carbonyl signal for imide (probably because of the 
existence of a lot of ring-opened maleic anhydride moieties resulted in peak-broadening in the 
region between 1660 and 1717 cm–1), the successful full closure of the ring for this graft is still 
in question. 
The degree of functionalization was suggested to be determined using C-H bend of the 
pyrrolidone group (1373 cm–1) as the internal standard (since it did not take part in the reaction, 
the intensity of this signal was not supposed to change). As known from PSMA modification, 
the decrease in the intensity of maleic anhydride for the attempted ring-closed modified 
polymer compared to the pristine polymer would ascertain the degree of functionalization 
(normalization of IR data with the internal standard was a crucial part of this process). 
Employing the same approach for the p-sulfonated calix[4]arene-grafted PVP-MA, suggested 
that the degree of functionalization was 24%. 
5.12.11.3.2 NMR spectroscopy 
5.12.11.3.2.1 1H-NMR spectrum for the ring-opened p-sulfonated calix[4]arene-grafted 
PVP-MA – A50-VP-S10-33  
1H-NMR (300 MHz, D2O) δ ppm 0.73-1.03 (backbone CH2), 1.05-1.45 (heterocycle middle 
CH2), 1.49-1.83 (tether middle CH2), 1.89-2.19 (heterocycle carbonyl-attached CH2 + 
heterocycle N-attached CH2), 2.20-2.76 (backbone amide-attached CH), 2.93-3.45 (backbone 
carboxylate-attached CH + tether O-attached CH2 + tether N-attached CH2), 3.48-3.90 
(backbone N-attached CH), 3.95-4.18 (calix[4]arene methylene bridge), 7.35-7.94 
(calix[4]arene aromatic protons). 
5.12.11.3.2.2 1H-NMR spectrum for the attempted ring-closed p-sulfonated calix[4]arene-
grafted PVP-MA – C50-VP-S10-33 
1H-NMR (300 MHz, D2O) δ ppm 0.5-2.5 (backbone CH2 + tether middle CH2 + all heterocycle 
CH2 + backbone carbonyl-attached CH), 3.05-3.49 (backbone carbonyl-attached CH + tether 
O-attached CH2 + tether N-attached CH2), 3.51-3.94 (backbone N-attached CH), 3.96-4.29 
(calix[4]arene methylene bridge), 7.37-8.08 (calix[4]arene aromatic protons).   
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5.12.11.3.3 UV-Vis spectroscopy 
Employing the same protocols used for PSMA 50%, PVP-MA 50% UV spectrum was obtained 
in THF (Figure 5.30a) while for the water-soluble calix[4]arene grafts of that, the experiments 
were performed in water (Figure 5.30b, 5.30c).   
 
Figure 5.30 UV-Vis spectra for PVP-MA 50% modification with p-sulfonated calix[4]arene 33 
Like the modified PSMA 50%, these grafts demonstrated an extremely smooth absorption band 
in comparison to the parent PVP-MA 50% 44. It is believed that it was caused by the presence 
of the sulfonate groups of calix[4]arene resulting in the occurrence of such a massive band-
broadening effect. 
5.12.11.3.4 SEC (GPC) 
Due to the lack of solubility for the grafts in GPC solvents, no experiment was carried out on 
our samples. 
5.12.11.3.5 DSC 
DSC experiments were run following the previously mentioned protocols. PVP-MA 50% 44 
did not show any glass transition (only a melting point was observed at 231.61 °C). Both the 
ring-opened and attempted ring-closed modified PVP-MA grafts exhibited very similar thermal 
features (especially Tg values were very close) as an indication that probably the closure was 
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not achieved as a result of the second reaction (heating the ring-opened graft under reflux in 
glacial acetic acid) (see Table 5.6 for DSC data and the appendix section for the thermograms).   
Table 5.6 Thermal data for PVP-MA 50% modification with p-sulfonated calix[4]arene 33 
Entry Compound name  Tg (°C) Height (W.g–1) Delta CP (J.g–1.°C–1) 
1 44 - - - 
2 A50-VP-S10-33 212.85 0.07685 0.2306 
3 C50-VP-S10-33 211.98 0.06340 0.1900 
 
5.12.11.3.6 Final analysis 
Despite the lack of GPC results, the rest of the analytical data suggested the formation of our 
desired grafts in its ring-opened form. Overall, since very insignificant negligible differences 
were shown in the analysis between the ring-opened graft and the attempted ring-closed one, 
there was no compelling evidence suggesting the formation of the desired ring-closed product.  
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Overall conclusion 
To summarize, in the course of this research, the idea of functionalizing PSMA with 
calix[4]arenes and some their potential applications were investigated.  
To further this idea, a simple calix[4]arene-grafted PSMA model was required which could 
later be modified into a more elaborate system with potential for many applications. 
Considering the literature examples in the matter of producing calix[4]arene-polymer      
grafts,1-3 the ‘‘grafting onto approach’’, due to its more convenient conditions, was chosen as 
our preferred method for synthesizing the model compounds.2,4-7  
Moving forward with that method, a functionalized calix[4]arene with a strong nucleophilic 
linker capable of opening the succinic anhydride moiety of PSMA had to be synthesized. In 
accordance with the literature, the best possible linker was a primary amine tether,8-10 but first 
the calix[4]arene needed to be mono-functionalized with an alkyl halide (with different chain 
lengths) possessing the amine precursor. Among all attempted options in this regard, the 
phthalimide precursor gave us the best results for monoalkylation (52% yield in the case of 5h 
for t-butylated calixarene and 59% yield in the case of 9b for de-butylated calixarene). Next, 
the mono-alkylated calix[4]arenes underwent different phthalimide deprotection methods to 
produce the final calix[4]arene-amine model. Gabriel synthesis using hydrazine monohydrate 
was shown to be the best approach for producing the amine model (86% yield in the case of 
10h for t-butylated calixarene).  
Then, the above-mentioned ‘‘grafting onto approach’’ was put to the test and the grafting of 
the amines to PSMA was attempted through multiple synthetic methods. The attachment of 
calix[4]arene to PSMA was performed via conducting the experiment in both DMF (at room 
temperature or heating at 150 °C) and glacial acetic acid (heating under reflux); in the case of 
using glacial acetic acid, the ring-closed form was obtained in all cases. Overall, the best degree 
of modification for PSMA with the calix[4]arene-amine pedant group was achieved via heating 
the polymer with t-butylated calixarene-butylamine (10b) under reflux in glacial acetic acid 
(78%). Nevertheless, due to the poor solubility of other amines in glacial acetic acid, for those 
amines the two-step process (the attachment in DMF at room temperature followed by the 
closure in glacial acetic acid via heating under reflux) was applied which resulted in the 
considerable decrease of the degree of modification for PSMA (from 78% to 20-30%).   
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Having established t-butylated calixarene-grafted PSMA (B30-10b) as the framework for our 
future studies, the focus of research was placed on producing a sensing instrument for mercury 
(an important contaminant of aqueous media).11,12 This sensing instrument was inspired by 
Chung and co-workers paper on the synthesis and use of the distal diallyl-bis(p-
methoxyphenylazo)calix[4]arene (14x also known as the Chung’s sensor) as a host for Hg
2+.13,14 
Our plan was to synthesize a butylamine-tethered version of the Chung’s sensor, graft it onto 
PSMA and finally create a durable sensing instrument for Hg2+ employing the calix[4]arene-
PSMA graft. Following the approach taken to make the model calix[4]arene-grafted PSMA, 
the Chung’s sensor had to be mono-alkylated via an alkylphthalimide which could later be 
transformed into an amine for PSMA grafting. The initial attempt to produce the desired amine-
tethered Chung’s sensor via the direct alkylation of the Chung’s sensor failed resulting in many 
alternative approaches being designed to resolve this problem. Unfortunately, these approaches 
did not work and no pure diazotized product was collected. In the future work section, several 
solutions to this problem will be presented. 
Next, the focus of our research moved to producing a hydrogel.15-19 This part of the study was 
based on a paper by Liu et al. on the synthesis of a reversible stimulus-responsive hydrogel 
using a p-sulfonated calix[4]arene and a randomly viologen -modified poly(vinyl alcohol).20 
The idea was to replace the model t-butylated calixarene-grafted PSMA (B30-10b) with its 
water-soluble sulfonated version and achieve gelation upon complexation of bis-viologen-
based quaternary amines (36 and 38) or several other bis-quaternary amines (39-42). Despite 
successful synthesis of the desired butylamine-tethered p-sulfonated calix[4]arene (33) and its 
corresponding PSMA grafts (made with PSMA 30%), the products only showed slight 
solubility in water and therefore they were unable to be tested for gelation. To increase the 
solubility, the commercially available PSMA 30% was replaced with PSMA 50% (43) and the 
grafting was performed using the same p-sulfonated calix[4]arene (33). Pleasingly, the newly-
formed grafts exhibited better solubility (made with PSMA 50%), but unfortunately the 
gelation was not achieved. To increase the solubility of the functionalized polymer further, 
PSMA 50% was replaced with PVP-MA 50% (44). As was the case for PSMA, the hydrogel 
formation was not observed; however, in all these cases, the complexation between the host 
(the sulfonated calix[4]arene-supported polymer) and the guest (the viologen-based quaternary 
amine) was confirmed by 1H-NMR spectroscopic titrations. In order to discover the cause for 
gelation failure, every possible parameter affecting the gelation process was considered. These 
parameters include the concentration, the temperature, the pH, the base choice, the 
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calix[4]arene conformation, and the degree of modification of the polymer. Amongst all these 
parameters, the status of two of them remained concerning including the conformationally 
mobile nature of the p-sulfonated calix[4]arene and also the low degree of modification of the 
polymer. To eliminate the possible disruption of gelation by these factors, several solutions 
will be offered in the future work section.  
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Future work 
This section briefly provides the reader with several suggestions regarding the two main fields 
of research in this project i.e. the synthesis of the modified Chung’s sensor for grafting onto 
PSMA (for mercury detection purposes) and also the synthesis of an alternative water-soluble 
polymeric graft of p-sulfonated calix[4]arene (for hydrogel formation studies). Employing 
these ideas may contribute to circumventing the challenges discussed in this dissertation. 
However, before addressing these matters, some potential future work for the model grafts 
made in chapter 3 will be presented. 
Part A. Suggested future work for the t-butylated calix[4]arene-grafted PSMA 
As shown in chapter 3, several t-butylated calix[4]arene-grafted PSMAs were successfully 
synthesized. In this case, the best modification degree was achieved for the butylamine-tethered 
calix[4]arene via heating under reflux in glacial acetic acid (78%). As future work, this graft 
(B30-10b) can be used as a potential colorimetric sensor for NO2. As observed in chapter 1,               
t-butylated calix[4]arenes anchored to the polymeric support could be employed as potent 
agents for sensing and conversion of NO2 (see Kang and Rudkevich work on using a t-butylated 
calix[4]arene with poly(ethylene glycol) as the support).1 It should be pointed out that 
Rudkevich’s PEG-supported calix[4]arene was in the 1,3-alternate conformation, whereas the 
graft B30-10b is in the cone conformation. However, in accordance with literature, different 
conformations of calix[4]arene will give no substantial difference in colorimetric response 
toward NO2.2 For that reason, the use of graft B30-10b as a colorimetric NO2 sensor is highly 
recommended (Figure FW.1).  
 
Figure FW.1 A: Graft B30-10b (cone conformation), B: Kang and Rudkevich’s PEG-supported calix[4]arene 
(1,3-alternate conformation) for NO2 sensing and conversion1  
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Part B. Suggested future work for the diazotization studies 
 
As concluded in chapter 4, the synthesis of the mono butylamine-tethered distal diallyl-bis(p-
methoxyphenylazo)calix[4]arene failed, despite some initially positive results (including the 
mercury test). One of the main challenges faced in that chapter was the issue of regioselectivity 
which resulted in the formation of many regioisomers of the azo products which ended up being 
inseparable. According to chapter 4, compound 20x (Figure FW.2) was our preferred 
regioisomer of butylphthalimide-tethered distal diallylcalix[4]arene, since two of its diazotized 
product azophenol moieties could tautomerize upon complexation with mercury. For that 
purpose, a new synthetic route was suggested to resolve the above-mentioned regioselectivity 
issue yielding only compound 20x. 
 
Figure FW.2 Precursor to the final modified Chung’s sensor  
Employing a distal dibrominated calix[4]arene (47) may solve the above-mentioned 
regioselectivity problem (see the retrospect synthesis in Scheme FW.1). After the formation 
of this compound (47), based on what was seen in chapter 4 for a distal dinitrated calix[4]arene 
(25), upon a mono-alkylation reaction with the alkyl halide (which is N-(4-
bromobutyl)phthalimide 4b)), the alkyl will only go for one of the calix[4]arene rings with a 
strongly electronegative functionality (nitro in chapter 4 and bromo here) forming compound 
48.dddd Finally, compound 48 can undergo a transmetallation reaction, followed by an SN2 
reaction (with allyl bromide) to substitute the bromine functionalities of compound 48 with the 
allyl group giving the desired regioisomer of butylphthalimide-tethered distal 
diallylcalix[4]arene (20x). 
To begin with, dibenzoylation can be carried out on the non-butylated calix[4]arene (7) using 
benzoyl chloride and K2CO3 in acetonitrile (heating under reflux) to produce the distal 
dibenzoylated calix[4]arene (45). This dibenzoylated product (45) then can be dibrominated 
 
dddd Bromine facilitates the formation of a stronger nucleophile. 
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using molecular bromine/chloroform solution in chloroform (at 0 °C then room temperature) 
to produce the distal dibrominated-dibenzoylated calix[4]arene (46).eeee After that, de-
benzoylation of this compound can be done using KOH in aqueous ethanol/THF (heating under 
reflux) to yield the distal dibrominated calix[4]arene (47). Next, the dibrominated product (47) 
should be mono-alkylated by N-(4-bromobutyl)phthalimide (4b) with K2CO3 in acetonitrile 
(heating under reflux) forming the butylphthalimide-tethered distal dibrominated calix[4]arene 
(48) (see the summary in Scheme FW.2).  
 
Scheme FW.1 Retrospect synthesis for the precursor to the final modified Chung’s sensor 
 
Scheme FW.2 Formation of the butylphthalimide-tethered distal dibrominated calix[4]arene (48). Reagents and 
conditions: (1) K2CO3 (1.0 equiv.), benzoyl chloride (2.0 equiv.), CH3CN, reflux; (2) Br2/CHCl3 (2.0 equiv.), 
CHCl3, 0 °C then RT; (3) KOH (20.0 equiv.), aqueous EtOH/THF, reflux (4) K2CO3 (0.6 equiv.), N-(4-
bromobutyl)-phthalimide (3.3 equiv.), CH3CN, reflux 
 
eeee One-step bromination on the non-butylated calix[4]arene (7) might result in forming multiple products 
resulting in purification problems. To avoid that, the approach taken in another paper for producing a distal 
dibrominated calix[4]arene was considered. In that paper, the non-butylated calix[4]arene (7) was first 
dimethylated and then dibrominated.3 Unlike their plan, our plan was to remove the extra group after 
dibromination via an alkaline hydrolysis. 
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Thereafter, the butylphthalimide-tethered distal dibrominated calix[4]arene (48) can be 
protected by chloromethyl methyl ether upon mild heating (at 50 °C) with NaH in DMF 
producing the MOM-protectedffff dibrominated calix[4]arene (49).gggg Now, the 
transmetallation reaction can be performed employing i-PrMg.LiCl2 (Grignard reagent) in THF 
(at room temperature) followed by an SN2 reaction upon adding allyl bromide (the nucleophile) 
to the same reaction vial (heating under reflux). The resulting MOM-protected diallyl 
calix[4]arene (50) can then be deprotected by TFAhhhh in DCM (at room temperature) to give 
the desired butylphthalimide-tethered distal diallylcalix[4]arene 20x (see the summary in 
Scheme FW.3).   
 
Scheme FW.3 Formation of the butylphthalimide-tethered distal diallyl calix[4]arene (20x). Reagents and 
conditions: (1) NaH (60% in oil) (3.0 equiv.), MOM-Cl (3.0 equiv.), DMF, 50 °C; (2) (a) i-PrMg.LiCl2          
(2.0 equiv.), THF, 0 °C then RT (b) allyl bromide (2.0 equiv.), THF, reflux; (3) TFA (3.0 equiv.), DCM, RT 
After the successful synthesis of the calix[4]arene nucleophile for the diazotization reaction 
(20x), this compound can be subjected to the diazotization alongside p-anisidine, NaNO2 and 4 
M HCl in acetone/pyridine (at 0 °C then room temperature). Having achieved the desired 
diazotized calix[4]arene (16), the product phthalimide group needs to be deprotected to form 
the final modified Chung’s sensor. Caution must be taken so that the deprotection takes place 
 
ffff MOM: Methoxymethyl ether. 
gggg According to literature, a safe and easy way to conduct this kind of synthesis is using a MOM-protected 
starting material.4 It would prevent the side reactions such as the lower rim hydroxyls deprotonation by the 
carbanion. 
hhhh TFA: Trifluoroacetic acid. 
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at room temperature and not at high temperatures due to the possible decomposition of azo 
groups under harsh thermal conditions (which occurred for several of our azo compounds in 
chapter 4). Thus, instead of hydrazine monohydrate used in chapter 2 for phthalimide 
deprotection, the alkaline hydrolysis can be attempted by KOH in aqueous ethanol/THF (at 
room temperature) (see the summary in Scheme FW.4).   
 
Scheme FW.4 Formation of the final modified Chung’s sensor. Reagents and conditions: (1)(a) pyridine, 0 °C           
(b) p-anisidine (5.0 equiv.), NaNO2 (5.0 equiv.), 4 M HCl (50.0 equiv.), acetone, 0 °C then RT; (2) KOH             
(10.0 equiv.), aqueous EtOH/THF, RT 
This product can then be grafted onto PSMA employing the approaches explained in chapter 
3. 
Part C. Suggested future work for the hydrogel formation studies 
In chapter 5 our attempts to facilitate the hydrogel formation on the polymeric scaffold of                   
p-sulfonated calix[4]arene (with either of PSMA or PVP-MA as its polymeric moieties) failed 
to achieve any favorable result despite proving the interaction between the graft and the 
potential crosslinker (through 1H-NMR spectroscopic titration studies). 
As mentioned in chapter 5, one possible reason for that failure could be the conformational 
status of the calix[4]arene. Since our calix[4]arene has a conformationally mobile nature 
(apparently there is an equilibrium between the cone and the partial cone conformations), 
locking the cone conformer may be a solution to our problem. According to Shinkai et al., the 
easiest way to do that is through the protection of the lower rim with propyl groups.5 To avoid 
the alkylation of amine, it is not possible to start from the amine-tethered p-sulfonated 
calix[4]arene (33) and trialkylate it. Thus, a trialkylated t-butylated calix[4]arene (51) should 
be produced following a previously reported approach by Shinkai et al.5 In order to 
regioselectively trialkylate a calix[4]arene, the parent t-butylated calix[4]arene (7) and 
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iodopropane (excess) should be stirred in DMF at room temperature using BaO/Ba(OH)2.8H2O 
forming compound 51 in cone conformation.iiii Thereafter, this compound can be 
monoalkylated with the alkyl halide (N-(4-bromobutyl)phthalimide 4b) exactly the same way 
described in chapter 2 (with K2CO3 in acetonitrile via heating under reflux) to afford compound 
52. Next, this compound should be transformed into amine using the hydrazinolysis approach 
discussed in chapter 2 (with hydrazine monohydrate in ethanol/THF (heating under reflux) to 
yield compound 53. After that, this compound can be sulfonated with concentrated sulfuric 
acid at room temperature resulting in compound 54. This ammonium salt (54) should be grafted 
onto the polymerjjjj with the method explained in chapter 5 (with a large excess of NaH at     75 
°C) to afford the p-sulfonated calix[4]arene-grafted polymer (55). This graft (55) can be 
subjected to the gelation study and if it forms a hydrogel upon mixing with the crosslinker, it 
will verify the conformation role in the failure of our previous gelation attempts (see the 
summary in Scheme FW.5). 
 
Scheme FW.5 Formation of p-sulfonated calix[4]arene-grafted polymer (in cone conformation) (55). Reagents 
and conditions: (1) BaO (1.5 equiv.), Ba(OH)2.8H2O (3.5 equiv.), iodopropane (30.0 equiv.), DMF;                                 
(2) K2CO3 (0.6 equiv.), N-(4-brombutyl)-phthalimide (3.3 equiv.), CH3CN, reflux; (3) N2H4·H2O (10.0 equiv.), 
EtOH/THF, reflux; (4) H2SO4 (Conc.), RT; (5) Polymer, NaH (60% in oil) (10.0 equiv.), DMF, 75 °C 
Another possible reason for the failure of the gelation study was presumed to be the low 
modification degree of the polymer. As mentioned in chapter 5, due to the deactivating effect 
 
iiii According to Shinkai et al., the product was obtained in 63% yield.5 
jjjj PVP-MA is the preferable choice, due to the fact that its calix[4]arene-modifed graft will possess better 
solubility in  water than that of PSMA.   
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of the sulfonate groups which is reducing the nucleophilicity of the amine, it does not seem 
possible to achieve a high modification degree upon grafting the calix[4]arene onto the 
polymer. As a possible solution to this problem, instead of a ‘‘grafting onto approach’’, a 
‘‘grafting through approach’’ can be employed. By using this approach, the calix[4]arene 
content of the graft can be drastically increased through carefully adjusting the mmol ratio 
between the calix[4]arene macromonomer and the other monomer.kkkk In order to do so, a 
macromonomer of the amine-tethered p-sulfonated calix[4]arene (33) should be prepared and 
then copolymerized with another water-soluble monomer (here N,N-dimethylacrylamide) so 
that an extremely water-soluble copolymer with a high calix[4]arene content can be obtained. 
As a suggestion, the macromonomer of compound 33 can possess an acrylamide substituent 
for the purpose of copolymerization. Therefore, acryloyl chloride must react with compound 
33 to produce the desired macromonomer. In doing so, this compound (33) can be acylated 
with acryloyl chloride (in DMF at –10 °C then room temperature) to yield compound 56. This 
compound can eventually go through an ion-exchange column (Na+ will be replaced with H+)llll 
to afford the macromonomer 57 (see the summary in Scheme FW.6).    
 
Scheme FW.6 Formation of p-sulfonated calix[4]arene-acrylated monomer (57). Reagents and conditions:     
(1) (a) NaH (60% in oil) (8.0 equiv.), DMF, 75 °C (b) acryloyl chloride (1.0 equiv.), DMF, –10 °C then RT;    
(2) Ion exchange column 
After the synthesis of the macromonomer 57, it can be copolymerized with another monomer 
such as N,N-dimethylacrylamide. The copolymerization could be performed by a redox system 
(e.g. ammonium persulfate and tetramethylethylenediamine) at low temperatures (0 °C to room 
temperature) in de-ionized water or by a radical initiator like AIBN in methanol or ethanol via 
mild heating or even by a UV-assisted polymerization (see the general plot in Scheme FW.7). 
 
kkkk For example, when 1.0 mmol of the calix[4]arene macromonomer is copolymerized with 1.0 mmol of the 
other monomer, ideally a calix[4]arene-grafted polymer with a 50% calix[4]arene content can form. 
llll This solution was suggested by Shinkai et al. as the first approach ever attempted to make the sulfonic acid 
version of the calixarenes.6 
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Scheme FW.7 General plot to copolymerize p-sulfonated calix[4]arene-acrylated macromonomer (57) with                       
N,N-dimethylacrylamide 
This copolymer might be able to form a hydrogel upon mixing with a crosslinker. The success 
of the gelation experiment, in this case, will prove the importance of the modification degree 
of the polymer in the formation of a hydrogel.    
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Appendix 
In this section, the remaining analytical data of our experiments will be presented. The 
summary of these experiments and the produced grafts with their corresponding codes can be 
seen in Table A.1. The samples with the solubility issues were not subjected to the solution 
analysis.  
Table A.1 Synthesized grafts for the project and the conditions to make them 




Base (equiv.) Graft status 
1 A30-10b PSMA 30% 10b - Ring-opened 
2 B30-10b PSMA 30% 10b - Ring-closed 
3 C30-10b PSMA 30% 10b - Ring-closed 
4 D30-10b PSMA 30% 10b - Ring-opened 
5 E30-10b PSMA 30% 10b - Ring-opened 
6 A30-10e PSMA 30% 10e - Ring-opened 
7 C30-10e PSMA 30% 10e - Ring-closed 
8 A30-10h PSMA 30% 10h - Ring-opened 
9 C30-10h PSMA 30% 10h - Ring-closed 
10 A30-S10-33 PSMA 30% 33 NaH (10.0) Ring-opened 
11 C30-S10-33 PSMA 30% 33 NaH (10.0) Ring-closed 
12 A30-T5-33 PSMA 30% 33 Et3N (5.0) Ring-opened 
13 C30-T5-33 PSMA 30% 33 Et3N (5.0) Ring-closed 
14 A50-S10-33 PSMA 50% 33 NaH (10.0) Ring-opened 
15 C50-S10-33 PSMA 50% 33 NaH (10.0) Ring-closed 
16 A50-T5-33 PSMA 50% 33 Et3N (5.0) Ring-opened 
17 C50-T5-33 PSMA 50% 33 Et3N (5.0) Ring-closed 
18 A50-T10-33 PSMA 50% 33 Et3N (10.0) Ring-opened 
19 C50-T10-33 PSMA 50% 33 Et3N (10.0) Ring-closed 
20 A50-T20-33 PSMA 50% 33 Et3N (20.0) Ring-opened 
21 C50-T20-33 PSMA 50% 33 Et3N (20.0) Ring-closed 
22 A50-P10-33 PSMA 50% 33 K2CO3 (10.0) Ring-opened 
23 C50-P10-33 PSMA 50% 33 K2CO3 (10.0) Ring-closed 
24 A50-C10-33 PSMA 50% 33 Cs2CO3 (10.0) Ring-opened 
25 C50-C10-33 PSMA 50% 33 Cs2CO3 (10.0) Ring-closed 
26 A50-VP-S10-33 PVP-MA 50% 33 NaH (10.0) Ring-opened 
27 C50-VP-S10-33 PVP-MA 50% 33 NaH (10.0) Unknown 
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Appendix A: FT-IR extras 
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Figure A.2 Chapter 5 FT-IR spectra (part 1) 
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Appendix B: UV-Vis extras 
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Figure A.5 Chapter 5 UV-Vis spectra (part 1) 
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Appendix C: 1H-NMR extras 
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Figure A.14 SEC (GPC) results for A30-10e and A30-10h 
 
Table A.2 SEC data for A30-10e and A30-10h 
Entry Compound name Mn  (g.mol–1) Mw (g.mol–1) Ɖ 
1 A30-10e 6.7781×104 1.3495×105 1.99 
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Appendix B: DSC extras 
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Figure A.21 Chapter 5 DSC thermograms (part 5) 
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